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Study of nerve stimulation has yielded such precisely quantitative data 
that one is tempted to look upon nerve as a relatively simple physiochemi- 
cal structure. As a result, several mechanical analogies and mathematical 
formuli have been set forth as offering a more or less complete explanation 
of nerve stimulation. When a closer correspondence is sought between 
theory and fact, it has naturally been found that to fit the experimental 
data, the mechanical analogy must become at least as complicated as the 
nerve | It then loses by ambiguity what was gained in objectivity, 
the net restlt being a tardy realization of the complexity of nerve. 

It is with diffidence therefore that this list of analogies is here extended, 
through the proposal that certain properties of nerve can be represented 
by the properties of certain groupings of condensers. Since the nerve is 
undoubtedly more complicated than this analogy, no more than a qualita- 
tive agreement with nerve behavior will be attempted. 

The most reasonable interpretation of nerve’s capacity is that its sur- 
faces are polarizable, and that the building up of the counter EMF at a 
membrane under passage of a current follows the laws of a condenser charge. 
In a long list of papers Lapicque (summarized in book; 1926) has studied 
the behavior of nerve under exciting currents, coming to the conclusion 
that the threshold of stimulation of a given nerve tends to correspond to a 
specific degree of polarization, but that certain unknown factors modify 
the threshold values from the theoretical expectation. The concept of 
chronaxie can be expressed in these terms; the chronaxie value being a 
measure of the time function of the essential polarization which accompan- 
ies stimulation. The points on a theoretical chronaxie curve may then be 
considered to correspond to the time-potential values necessary to polarize 
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a simple membrane to a constant counter EMF. Hill (1910) has also 
deduced a mathematical expression for nerve excitation which reduces for 
simple cases to similar terms. Ebbecke (1926) has recently suggested 
that the nerve acts like a relatively non-leaky condenser, the tissue or 
lymph between the axons serving as a shunt to the applied current. 

The excitation process of nerve subjected to electrical stimulation is thus 
approximately analogous to the charging to a given potential of one leaky 
condenser. It is the thesis of the present paper that not only the lack of 
exact correspondence with theoretical expectation, but also other properties 
of nerve, can be aptly represented by the functions of other leaky con- 
densers charged to other potentials. Each condenser corresponds to some 
polarizable surface boundary in the nerve. By making the number of 
condensers employed sufficiently large, by assuming appropriate capacities 
and suitable leaks, we may arrive at any desired contiguity to the actual 
performance of a given nerve.!' An attempt might be made to argue that 
the structure of the nerve trunk on which experiments are usually per- 
formed is sufficiently complex, and that the number of capacities to which 
we are by analogy limited is sufficiently large, to make the analogy amply 
adequate for any biological purpose; the number is large enough in fact to 
far exceed the writer’s dexterity in mathematical exegesis. However, a 
sufficiently illuminating analogy can be drawn, as a first approximation, by 
the employment of only three. 

With the conspicuous exception of Ebbecke (loc. cit.) it has been tacitly 
assumed by previous writers on this topic that all the current applied to a 
nerve trunk passed through the axons, each axon getting its proportional 
share. The total current therefore served as a measure of the current 
through any given axon. Many “laws”’ of stimulation are based upon 
measurements of this total current through the nerve trunk, and deviations 
from the laws are inferred to give information as to the axon’s idiosynera- 
cies. But if other structures also conduct current, such inferences are 
justified only if these structures conduct exactly as the axons do. This is 
very improbable in general, and can easily be proved erroneous in particu- 
lar. This general statement should include the further possibility that 
each axon may be in its own structure heterogeneous quite like the nerve 
trunk as a whole. 

Much of the speculation as to which “‘law” best fitted nerve behavior, 
and as to how many arbitrary constants could with profit be introduced 


1 This procedure only amounts to adding constants to the nerve equation. In an 
appendix to Hill’s paper (1910) occurs the following: ‘‘Mr. W. B. Hardy has sug- 
gested to me that in case of any phenomena being observed which do not accord with 
the theory, various other physical effects may be introduced to account for them.” 

On re-perusing Hill’s equation, the idea occurs to me that the anticipated constants 
at least might be made to correspond to those of certain leaky condensers. 
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into the equation, could have been simplified materially had it been com- 
prehended that a nerve possesses a connective tissue sheath, and that this 


sheath usually has a layer of salt solution around it. Take for instance thy 
question as to whether a constant quantity of current, or a constant quan- 
tity of energy is necessary to stimulate an axon at threshold. A constant 
quantity of current is usually taken to mean a definite concentration of 
ions at an interface, which connotes a specific potential counter EMF as 
in a condenser charge. Now the energy required to charge a given con- 
denser to a given potential is a constant, 3e?c, from which it may be inferred 
that the two laws may amount to the same thing, the discrepancy in their 
applicability to nerve probably arising from the unknown amount of energy 
(or current) which is wasted in doing other things than producing this 
hypothetically essential concentration of ions. Similarly the “current of 
least energy” for threshold stimulation may be interpretable as that form 
of current of which the minimum is wasted in ineffective circuits, while 
stimulation is being accomplished in effective ones, ete. 

1. A CAPACITY MODEL OF NERVE REACTANCE. One condenser may 
correspond to the nerve’s irritable structure to be stimulated at “‘thresh- 
old.”” It has a series resistance representing the axons’ resistance, and 
a shunt representing a leak of current either through the axon surface, or 
through the interstitial tissue along the axon (C,, fig. 1). Other axons which 
are not stimulated at threshold for the nerve as a whole, have similar resis- 
tances in shunt and series. Though lying parallel in the nerve to the first, 
these are in part, effectively, in series to current flow, since in general those 
axons at the nerve surface, where the current density will be highest, will 
respond at the lowest threshold, while deeper lying axons will be traversed 
only by current which has first flowed through (or past) the superficial 
ones. It should be obvious in all this that dividing the axons into two 
groups is quite arbitrary and schematic, there being in reality an indefinite 
series, the different axons being furthermore of different sizes and therefore 
of varying capacities. A second condenser (C2) then represents the nerve’s 
connective tissue sheath, and whatever other inactive but polarizable 
structures lie in the path of the current to the axons, such as the myelin 
sheath and the inactive axons. It likewise must be both resistant and 
leaky, but may be assigned capacity and resistance of a different value from 
that of the threshold axon. 

The nerve axon, as a core conductor, presumably has a high transverse 
polarizability, with relatively little longitudinal capacity. The connective 
tissues, however, may be looked upon as having two components of re- 
actance, one across the nerve in series with respect to currents that tra- 
verse the axons (C2), the other longitudinally and in parallel with the 
axons. This latter component is represented by C; in figure 1. 

Ebbecke (1926, 1927) in discussing the condenser-like properties of 
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Fig.1. Diagram of capacity model of nerve stimulating circuit in terms of capacity 
and resistance. (;, capacity or polarizability of the nerve mechanism. (>, that of 
connective tissue between electrodes and axons, or of axon sheath, in series with the 
irritable structure. C;, that of connective tissue between stimulating electrodes, 
parallel to axons. 

Fig. 2. Record of double condenser charge across C; of nerve capacity model, to 
illustrate liminal gradient. a, curve of condenser charge (, through R; and Ro, 
C2r2 short circuited, C;Rsr3 absent. , curve similar to a, C2 connected as by-pass to 
re. ¢, exponential extrapolation of start of b. C; = 0.2 mf. R, = 140,000e. 
= 250,000w. C2 = 0.25 mf. R2 = 260,000. re = 57,000w. Time in 0.01 second, 
cathode ray oscillograph records, time practically linear, obtained by charging the 
X-axis condenser through a two element vacuum tube working at current saturation. 
Analysis in text. 

Fig. 3. Scheme for demonstrating liminal gradient and latent addition in nerve 
capacity.model. C and R as in figure 1. e, grid bias battery for three element 
vacuum tube V, G galvanometer, which may be compensated to read zero at initial e 
bias under potential B through tube circuit. 

When a potential is applied at E which results in a potential across (), greater than 
and opposing e, the galvanometer deflects, representing a ‘‘threshold’’ stimulation. 
The value of the potential across C; will in general depend upon the rate of rise of 
potential Z, which may be varied with a slide wire anda suitable key. The arrange- 
ment for demonstrating the effect of a period of no current will be obvious from the 
text. 

Fig. 4. Stimulation of nerve by subthreshold shock superposed upon a subthres- 
hold galvanic current flowing from constant potential over the same electrodes. a, 
shock strength vs. time of start of shock (during galvanic current flow) to give thres- 
hold response when summed. b, amplitude of action potential vs. time of start of 
shock (during galvanic current flow) when shock as well as potential source of gal- 
vanic current are left constant, the shock being timed successively later in the period 
of current. Data from cathode ray oscillograph records. The experiments are 
performed so rapidly that no appreciable change of threshold takes place, to a shock 
timed before a period of galvanic flow. Green frog VII spinal nerve branch of 
sciatic plexus, uniform size without branches, sheath present. Polarizing and 
stimulating electrodes in common, 1 cm. apart, resistance 67,000 ohms (to a short 
constant potential in a Wheatstone bridge), lead from nerve near the knee bifurca- 
tion. Cathode for both currents proximal to lead, galvanic current alone about 0.8 
of rheobase, break shock alone about 0.8 threshold strength, as measured by current 
through primary coil. 

Fig. 5. Record of ‘‘period of no current’’ from nerve capacity model. Print of 
three cathode ray oscillograph records superposed, each taken with one deflection of 
the beam, C; and C; of figure 1 in parallel, C, omitted to simplify analysis. 

a, change of potential in C; under continuous applied voltage, b, same, applied 
voltage interrupted at e, C; made large so that its voltage at time e was too low to 
cause a rise at C, during ef. 

c, same as b, but C; smaller, its charge at time e causing a current to flow into C; 
during ‘‘interval of no current.’’ dg, time necessary to cause ‘‘threshold’”’ potential 
nat C,, under constant applied potential. ef, interruption of external circuit. 4d), 
time necessary for threshold with interruption ef when C; is just prevented from dis- 
charging by C3. Curve a is merely displaced laterally to b position and continues 
parallel toa, gj = ef, hj = fk, = shortening of total duration of applied potential 
(de + fj) when the potential of C; rises from 1 to m during the interruption of 
current ef. 
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nerve, points out that under a constant potential the nerve will receive a 
short pulse of current as the nerve polarizes, instead of a steady flow of 
current. Ebbecke, however, appears to infer that this blocking polariza- 
tion takes place at the irritable structure of the nerve. The point of 
introducing further capacities into the scheme is, that structures which 
are inert as far as excitation goes may play a predominant part in polariza- 
tion of the nerve as a whole, and may largely determine the form and 
intensity of current which really stimulates the essential irritable mechan- 
ism. Certain characteristics of nerve then become the physical charac- 
teristics of non-irritable envelopes, connective tissue, ete., and these 
properties may mask the true functioning of the irritable structure. 

These three units of resistance and capacity may now be connected as 
in figure 1, and a potential applied across them. Assuming that stimula- 
tion is accomplished when the irritable structure in the threshold axon, 
(C;) is polarized to a specific counter EMF (the condenser acquires a 
specifie charge), we are interested in the curve of rise of potential in this 
condenser, and the effect on this curve of the insertion in the circuit of 
the other capacities and their leaks. Let us consider first the charging of 
this condenser when the potential is applied across only the unit, C; 
(capacity and resistance). 

It is obvious that the final potential of C, will be a fraction eT 

+ R, 
the applied potential, whatever the value of C;; but that the quantity of 
current flowing into C; will be a function of the value of C; as well. The 
time rate of current flow will depend on the value of r;, Ri and C,. Further- 
more, the form of the curve of rise of potential will be simply exponential.? 
We may now connect C, and C, (and their resistances) in series, first 


2 In representing a mixed group of axons as a single condenser the liberties taken 
with biological structures are obvious. It may be emphasized, however, that in R,, 
for instance, all the resistance anywhere in the nerve trunk that is effectively in series 
with C; is lumped in one unit, ete. (C; is really a double structure, there being polari- 
zation both where the current enters the axon and where it leaves, and it is assumed 

1 l 


1 
that these can be treated as one structure according to the formula a SP 
c C2 


spite of the possibility that polarization at anode and cathode may be different in 
amount. 

It is also obvious that C; and C», ete., are not simply in series in the nerve (fig. 1) 
part of the current passing in series and part in parallel. In the present state of 
ignorance as to the qualitative values for these fractions, it may be suggested that 
the more complex the circuit, the greater the propriety of assigning the deviation of 
nerve from a theoretically simple behavior, to its physieal complexity. 

The equations for charging a single capacity with series and shunt resistance are 
given for reference (see appendix). They are derived in a slightly different manner 


in a paper of Lapieque’s (1907). 
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making these two units exactly equal. With the same applied potential, 
the potential drop across each will be one-half the previous value. But the 
effective capacity of these two condensers in series is equal to one-half that 
of each separate (; =* - . ) and this relationship will not be affeeted by 

the resistance shunts around the condensers as long as the units are equal 
in all respects. The resistance in series is now twice the former, hence the 
one-half effective capacities will charge through double the resistance to 
any given fraction of their maximum in the same time as before. But 
each condenser will be charged by the same amount of current as it flows 
through them in series, hence each will acquire this one-half of the previous 
charge of C;, at the original applied voltage. If we double the potential, 
however, each will acquire the full charge of C; previously and thus rise 
to the “threshold” potential, and do it at the same rate as before. Hence 
the more polarizable structures there are in series, the higher the applied 
potential necessary to raise each to a given counter EMF, but provided 
they are strictly equivalent structures, the time rate of increase of poten- 
tial (i.e., the time constant of the exponential curve), is not affected. As 
a result, the chronaxie should remain constant. 

The situation is otherwise however if we make the capacities unequal, 
or vary the resistances. Taking C; and C2 only, if we increase r, the final 
potential across (. will be larger than across C;; and Cz may charge at a 
more rapid rate, for a larger amount of the total current flowing through 
both systems in series leaks off through r; (while the condensers are charg- 
ing) thanthroughr.. But we can slow the rise of potential in C. by making 
its capacity greater. If C2 is large enough, in fact, and re also large, the 
current flowing through C. and C; in series may charge the latter to a 
relatively high potential before the former has received enough current 
to raise its potential materially. At this stage, then, a large fraction of 
the applied potential will be effective across , and thence across C;, and 
a small fraction across rz, the current being by-passed through the large 
Co; at a later stage however, as C% fills, a large fraction of the applied volt- 
age will be effective across the large rs, and a smaller fraction across 7, 
the final thus reversing the initial conditions. As the potential is applied 
then, the counter EMF in C; first rises to a maximum, then falls as the 
EMF of C2 rises (fig. 2, b). In terms of the nerve, the axon interface is 
first polarized severely, then allowed to depolarize as other polarizable 
structures with different characteristics block the stimulating current. 

Now, if instead of applying the potential suddenly, it is made to rise 
gradually, the final potentials of both systems will be attained without the 
initial high potential in-C,. If we choose such a potential that its sudden 
application causes the initial maximum of C; to rise to our hypothetical 
“threshold” value (maximum of }, fig. 2), the gradual rise of the applied 
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potential will leave the potential of C; always below threshold (curve C), 
a considerable increase in the final value of applied potential being neces- 
sary to produce threshold counter EMF in C;. The more gradual the 
increase of applied potential, the greater its final value must be to ‘‘stimu- 
late,” within limits. We have thus arrived at a fair analogy for the 
liminal gradient in nerve, where the same general conditions hold with 
respect to rate of rise of potential and final value, for threshold response.* 
The threshold axons would correspond to C, in this scheme, and C, might 
represent the nerve sheath, or interstitial tissue in nerve or muscle, or 
perhaps the axon myelin sheath. 

The working of such a condenser system may be observed in the following 
manner (fig. 3). A three element vacuum tube is given a negative grid 
bias such that the input is well below the normal amplifying range, that is, 
“‘off the characteristic curve” of the tube. The input is now connected 
through this grid or “‘C”’ battery, to one side (the positive) of the con- 
denser C;, and the filament to the other condenser terminal. An insensitive 
galvanometer or sensitive milliameter is connected in the plate circuit of 
the tube. When the condenser C; acquires a potential sufficient to over- 
come the imput grid bias, a sudden fling of the galvanometer takes place 
as the amplifying range of the tube is reached. In case 1 above, when C; 
and C; are equal, the displacement of the galvanometer will persist so long 
as the adequate potential is applied across the condensers. In case 2, the 
galvanometer returns as the potential falls in C, after the initial rise, and 
the more gradual the increase of applied potential, the higher it must be 
to activate the tube and galvanometer. 

2. IRRITABILITY CHANGES IN NERVE DURING CURRENT FLOW. Evidence 
may be obtained from nerve, where the actual current through the axon 
cannot be measured, that the stimulating effect of current from a constant 
potential source follows a curve similar to that of the counter EMF of the 
condenser C, with C, in series. A constant potential is applied at intervals 
over non-polarizing electrodes, a coil is arranged to send break shocks over 
the same electrodes, and the events are synchronized with the time line on 
the cathode ray oscillograph, and recorded after amplification (Bishop, 
1928). As the shock is timed at intervals during a subthreshold current 
from a constant potential source, the strength of shock necessary to sum 
with the galvanic current to a threshold response measures the stimulating 


3 Lucas states (1910) that a current rising along the liminal gradient stimulates 
only after six times the duration of the threshold current which rises instantaneously 
to its maximum. It is probable that Lucas has in mind, not a current rising instan- 
taneously but a current flowing from a constant potential source, etc.; but in either 
case there is no reason to suppose that currents applied to axons surrounded by both 
polarizable connective tissue and non-polarizable salt solution had the form, at the 
axon surface, which he seems to have imputed to them as a basis for the above state- 
ment. The point is, however, that the currents do eventually stimulate. 


wt 


PHYSICAL REACTANCE OF NERVE TO GALVANIC CURRENT 42: 


effect of the galvanic current up to the effective threshold time. This effect 
increases (i.e., the necessary shock strength decreases) up to the time when 
the least increase of the applied constant potential would give a rheobasie 
response. After this the effect falls off materially (fig. 4a) that is, the 
shock must be increased again to stimulate. There then follows a period of 
virtually constant irritability. It is worth noting in this connection that 
a just threshold galvanic current never causes tetanus; the potential that 
elicits a first response is ineffective even after refractoriness should have 
passed off. This may be explained if some constitutent of the nerve trunk, 
as assumed above, polarizes more slowly than the essentially irritable 
structure, but blocks the current finally to a subthreshold value after 
having initially transmitted enough to cause a first stimulus. 

Such an experiment may be performed roughly but graphically by 
applying to the nerve a just subthreshold galvanic current; then a shock of 
constant strength, which is slightly below threshold value when applied before 
the galvanic current starts, is moved later, the whole cycle of events ap- 
pearing repetitively on the oscillograph about ten times per second. The 
nine records from which figure 4b were plotted were all taken within two 
minutes, the galvanic current being allowed to flow through one-fifth of 
each revolution of the rotating circuit breaker, and lasting at each revolu- 
tion for about l5ce. No change of threshold could be observed during the 
experiment to a shock preceding a period of current. ‘The decrease of 
amplitude after the maximum is due to failure of some axons to be stimu- 
lated, and not merely to cathodal depression of amplitude in each axon. 
This may be shown by repeating the experiment with a stronger shock, 
and the same galvanic current. At the position where previously the 
amplitude was highest, the 8 wave now appears in the record of the con- 
ducted impulse, and disappears altogether as the shock is moved later. 

The form of this irritability curve, for nerve, thus deviates from that for 
a simple polarizable structure, a circumstance that will have a general 
bearing. It has been pointed out previously (Bishop, 1928) that the 
irritability curve under a constant potential deviates from that of a simple 
exponential function, even before threshold has been attained (fig. 4, loc. 
cit.). This can be interpreted, that the process starts along a curve that 
should reach its asymtote later than the observed time of stimulation (fig. 
2, this paper) but is prevented from reaching its fullmaximum. This again 
involves that stimulation by the threshold current does not take place 
only after infinite time, but considerably previous to that, a fact sufficiently 
obvious whatever the explanation. 

In terms of the above mechanical analogy, the composite curve tends to 
follow curve a of figure 2 initially, and curve b finally, and the slower the 
rise of the applied potential the less will the counter EMF rise above the 
final value of b. 


426 GEORGE H. BISHOP 


The presence of a certain type of polarizable structure in series with the 
structure to be stimulated might thus increase the applied potential neces- 
sary for threshold stimulation, but alter the time of attainment of a 
threshold effect. Now if we remove this structure, the curve will rise 
more steeply, quite as the condenser unit C,/,r; charges at a more rapid 
rate than C; and C.inseries. Doubling the threshold potential applied to 
obtain the “chronaxie”’ value, will have a different result upon the two 
systems. It has been observed (Davis, 1923) that the chronaxie of muscle 
varies with the size of the electrode through which the stimulus is applied. 
The measured value of chronaxie varies with the distance between elec- 
trodes and is altered by the interposition of material between electrode and 
tissue (Lapicque, 1926). It has been found in this laboratory (unpub- 
lished) that the chronaxie of a bullfrog spinal nerve root from which the 
connective tissue sheath is absent is consistently one-half to two-thirds as 
great as for the corresponding nerve, and the utilization period is shorter, 
although the fibers stimulated in each case at threshold (presumably the 
largest fibers) should be the same. The more precise interpretation of 
these observations must wait upon the more exact physical analysis of the 
nerve as a conductor, but the data are suggestive of a correspondence with 
the condenser analogy described above. However, the axon of the nerve 
root possesses a myelin sheath, and this structure may have a predominat- 
ing effect on nerve reactance even when the connective tissue sheath is 
added to it. 

The third condenser diagrammed in figure 1 will exert an influence, 
in so far as it is effective at all, as shown in figure 5, where the conditions 
are those during the initial polarization by a galvanic current. After the 
first maximum, when the nerve has reached a relatively steady state, its 
effect should be only to slow the discharge of polarization in the axon upon 
break of the circuit, and not tostimulate. Its effect, during a period of no 
current, will depend on the conditions of the experiment, and such experi- 
ments as have been performed (Lucas, 1910) have always involved a break 
after a relatively long initial current flow. 

3. Discussion. It has been stated earlier in this account that a mechan- 
ical analogy for nerve was to be attempted, not a complete explanation of 
nervous function. Instances of correspondence between the behavior 
of nerve and of leaky condensers here and there suggested may have raised 
in the reader’s mind suspicions that this assertion was a disingenuous one. 
A more specific disavowal is therefore appropriate to the present state of 
the subject. 

While it is true that the axon and the connective tissue of nerve have a 
capacity-like reactance to an electric current, it is not certain that this 


offers anything more than an obstacle to a current whose stimulating 


value may depend upon expenditure of energy in some quite different 
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manner (e.g., electrolysis). Further, while there can be no question as to 
the reciprocal effects of the polarizability of different axons on the flow of 
current through them, or of that of the connective tissue nerve sheath on 
the current through the axons, it does not necessarily follow that these 
are the only factors which complicate the stimulation of nerve. All that 
can be said is that these factors will complicate the stimulation of nerve 
quite as they complicate the charging of a condenser; by modifying the 
current flow in the axon; and until ruled out, they complicate it sufficiently 
to lessen the urgency of searching for other hypothetical factors. 

We may assume an irritable mechanism at the axon surface inside the 
myelin sheath, whose excitation corresponds to the passage of a certain 
quantity of current. Under an externally applied stimulating voltage, this 
quantity of current will pass in a certain time through the myelin and 
through whatever connective tissue lies effectively in series with it, the 
whole acting like a complex series of shunted capacities. The local currents 
demanded by the Lillie hypothesis may flow chiefly within the myelin, 
their energy in the external branches being largely absorbed or damped 
out by capacity in the manner discussed by Crehore and Williams (1913). 
Once the myelin ete., has been polarized by the exciting current, an in- 
creased potential will become necessary to raise the current through the 
axon surface to a threshold value, and gradually increasing potentials may 
polarize the surrounding structures before the current through the axon 
itself becomes high enough to stimulate. It is not improbable that, once 
the current is blocked by the nerve envelopes, the irritable structure itself 
may even depolarize, and any change in permeability of the nerve with 
response will be largely masked by the resistance of the non-irritable 
envelopes. The irritable structure may even depolarize with nerve re- 
sponse, to polarize again in repetitive responses to strong currents, while 
the nerve trunk as a whole is observed to be highly polarized throughout 
(Bishop, 1928). A major portion of the applied current presumably flows 
through the parellel shunting pathways which the nerve trunk affords, 
while the smaller fraction which stimulates will vary as the nerve polarizes, 
rendering significant measurement of the true exciting fraction difficult. 

The existence of a liminal gradient may, however, involve more than 
a capacity effect, for in the condenser model, a high enough voltage will 
produce “threshold,”’ however slowly applied. With such slowly rising 
voltages the nerve may undergo true electrotonic depression before thres- 
hold is reached. Hill (1910) has suggested that a current which flowed 
for a sufficient time without stimulating might induce a slow reaction 
which would use up the materials necessary for the typical nerve response. 
However, the cathodal effect, with weak currents, should be an increase 
of irritability, not a failure to stimulate. Furthermore, both nerve and 
muscle apparently vary more in their ability to respond repetitively under 
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a constant potential than they do in threshold characteristics. A cor- 
responding variability in liminal gradient might be expected, depending on 
the tissue’s metabolic state, fatigue, ete. 

A further question arises, whether such properties as are imputed to 
nerve may be invoked to condition the stimulation of skeletal and of smooth 
muscle, or of irritable cells in general. The data for such tissues, however, 
with the possible exception of skeletal muscle, are not yet sufficiently precise 
to allow of comparison with nerve, nor are their properties apparently so 
determinate. Even in skeletal muscle, heterogeneity of structure sug- 
gested by cross striations, myofibrils, myolemma, etc., not to mention the 
complication of the contractile function which depends so immediately on 
metabolic conditions, leaves the nerve relatively simple with all its com- 
plexity. A distinction is in order in general between physical effects and 
chemical effects of current flow, both factors being involved in the course 
of the process of stimulation. In view of the transient character of these 
polarization phenomena, they might affect the chemical processes in 
nerve, which appear to be of the 
same order in time, in a more sig- 
nificant way than they do those 
processes in tissues whose time 
functions, both of irritability and of 
response, are so widely different 
from nerve. With this reservation, 
it may be suggested that in nerve, 
measurements of irritability, etc., 
such as chronaxie may be largely measurements of the properties of 
inert tissue rather than of the irritable structure of the nerve itself. This 
does not alter the importance of such data, especially since factors which 
affect these measurements must, vice versa, condition the character of 
the response of the tissue, and therefore of its biological efficiency in con- 
duction, stimulation of end organs, ete. 

A distinction between the quantity and form of the applied current, 
and of that which reaches the seat of the process of irritability, is significant 
regardless of whether polarization of nerve surfaces is the immediate cause 
of stimulation, or whether it enters as an obstructing factor to the current 
which stimulates in some other manner. Further, such factors need not 
be confined to the more obvious connective tissue, etc., outside the particu- 
lar axon under consideration. An analysis that applies to the nerve trunk 
as a whole may also apply to a single given axon, whose character (as an 
electrical conductor) is also complicated by the presence of sheaths, 
nodes, and in general by heterogeneity of structure. The application of 
such an analysis must however wait upon further investigation of both 
the fine structure of, and the nature of activity in the tissue. 


Fig. 6 
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In general, for this analogy to be considered a valid representation of 
the nerve as a polarizable conductor it is only necessary to assume that the 
current which does the work of stimulating, in whatever manner, shall 
correspond to that which flows into the capacity C, of the analogy; that is, 
the irritable mechanism must be effectively in series with other polarizable 
structures such as C2. The polarization of this structure (, then repre- 
sents the quantity of current that has been effective, in whatever manner 
that effect has been brought about. Given this relatively simple mechan- 
ism, deviations from a simple behavior may be due not only to complica- 
tions in the irritable structure itself, but to other structures which com- 
plicate the conducting pathway through which current flows to stimulate 
the nerve axon. 

If this is the situation in nerve, the fact that nerves tend to respond only 
once, on the make of a galvanic current, may be largely due to the blocking 
of this current before the nerve has time to respond a second time, only 
the current leaking through the polarized envelopes being available as a 
stimulus to further repetitive responses. If the current from a constant 
applied potential only becomes constant after equilibrium has become 
established through the complex nerve circuit, the usual effect of a gal- 
vanic current can hardly be designated as a response to a constant current, 
until after at least the first response. The responses during the period of 
approximately constant current following polarization are then simply 
repetitive, and probably result in fresh and highly irritable nerve, from an 
intensity of current through the axons no greater than that of the initial 
current which caused the first response. Even a constant current flowing 
through the nerve trunk as a whole would not involve a constant current 
through the axons. 


SUMMARY 


A condenser model is discussed whose reactance is similar to that of a 
nerve, taking into account the fact that nerve threshold tends to correspond 
with a specific degree of electrical polarization, and that other polarizable 
but non-excitable structures lie in the path of the current which stimulates 
the axons. 

Experiments on nerve indicate a correspondence between the threshold 
of repetitive response and current strength, under galvanic current stimula- 
tion, when allowance is made for the condition that polarization of nerve 
envelopes, connective tissue, etc., decreases the current through the axons, 
after an initial pulse which evokes a first response upon closing the circuit. 

Failure of nerve to respond repetitively to galvanic currents from con- 
stant applied potentials which are of threshold value for a first response, 
may be assigned to the prompt decrease in the initial current through the 
axons, due to polarization of non-irritable structures. 
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Neither a constant potential nor a constant current applied to the nerve 
will result in a constant stimulating current through the axons, until an 
equilibrium has been established between the various current pathways. 
When this constant condition is established, the nerve responds rhythmi- 
cally if the final current flow through the axons is sufficient to stimulate 
them. 
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APPENDIX (See Note 2) 


In the charging of a capacity with shunt and series resistance (fig. 6) let E be 
the applied potential, r shunt and R series resistance, 7; the current through the 
shunt and 7, that through the capacity, e being the counter E.M.F. across Cr at 
any instant. 
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This is of the form (D? + aD) gq = 0, where a = Then D =0 or 


or 
When t = O, (= k), and = 
When t = a, g = k, andg 


Substituting values of a and k, 


Comparing (5) and (6) it is evident that both the final value of g, and therefore 
of e, and the time constant RC are diminished by the shunt r in the ratio of 


Ra? the curve of filling of the capacity being still exponential. 
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The significant and important features of conduction in the reflex are, 
as contrasted with nerve-trunk conduction, are nowhere more strikingly 
shown than in the responses to successive stimuli. Summation centrally 
of the effects of repeated volleys of afferent impulses has long been recog- 
nized as a salient: property of the reflex are (Sherrington, 1906; Adrian and 
Lucas, 1912). 

The refractory phase, at first absolute, then relative, follows a response in 
peripheral nerve or muscle. The question whether refractory phase is 
likewise a property of the central part of the path of conduction in the reflex 
are, is a cogent problem of physiology (see Sherrington, 1925). 

It is, therefore, of interest to learn as much as possible of the effects of 
successive volleys of afferent impulses in evoking central responses. Adrian 
and Olmsted (1922) made some valuable observations bearing on this point 
but the interpretation was rendered somewhat uncertain because it was not 
known what part the refractory period of muscle may have played. They 
found that although a second afferent volley set up only 1.8¢ after the 
first, evoked a second reflex electric response in the flexor muscle, this 
second response did not occur till 60 after the first response in the mus- 
cle. They gave reasons for concluding that the added delay in trans- 
mission to the muscle occurred in the central part of the reflex are. Forbes, 
Ray and Griffith (1923, pp. 609-611) showed that this added delay might 
be due to the combined effect of the raised threshold of the muscle dur- 
ing its relative refractory phase and the subnormal size of the motor 
nerve impulses set up in the relative refractory phase of the neurones. 
The evidence, therefore, was not conclusive in showing how early a second 
discharge of motor nerve impulses might be evoked by a second volley of 
afferent impulses. Moreover Cooper and Adrian (1924) later found reason 
to conclude that the previous estimate by Adrian and Olmsted (6c) was 
excessive and that a second volley might be discharged from the center as 
early as 3 or 4o after the first. The problem is doubtless much compli- 
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cated by the extensive branching of afferent fibers and the consequent 
convergence of impulses from many fibers at any given motor neurone. 

The flexion reflex is perhaps the simplest and most accessible to investiga- 
tion of all reflexes which can be evoked in the decerebrate or spinal mam- 
mal. The mode of recording it which involves the least source of confusion 
due to the complication of non-nervous structures is to stimulate an affer- 
ent nerve and record the electric response of the motor nerve. This method 
has been used for the study of the response to a single stimulus and to a 
series of stimuli separated by comparatively long intervals, i.e., 4 to 10 
per second (Forbes and Gregg, 1915a). In the present experiments we have 
studied the effect of applying to the afferent nerve two stimuli separated 
by brief intervals, varying from the absolute refractory period of the affer- 
ent fibers to intervals approaching those involved in our previous 
experiments. 

The experiments were begun several years ago and early revealed certain 
consistent differences in behavior between successive decerebrate prepara- 
tions. In repeated experiments during the next few years attempts were 
made to throw light on the meaning of these differences. The attempts 
have not been wholly successful; many of the observed facts remain baffling, 
and indeed many more experiments with improved apparatus and technique 
will be needed to clear up the points which are still obscure. But enough 
significant data have been accumulated to warrant reporting the results as 
they stand, far as the problem is from complete solution. 

The chief questions to be answered are: 1. If the first stimulus is maximal, 
how early in the record can a response to a second afferent stimulus be 
detected? 2. If the stimuli are separated by a sufficient interval to render 
the responses distinct from each other, will the second response be larger 
or smaller than the first? 3. Does the evidence point to a measurable 
refractory period in the center? 4. Does it reveal summation of central 
effects? 5. Does it indicate a tendency to rapid fatigue in the central 
part of the path? 

Metuop. The technique of evoking the flexion reflex and recording the 
action currents in the motor nerve has been described in detail in an earlier 
paper (Forbes and Gregg, 1915a); modifications have been described in 
subsequent papers. Briefly, the animal (cat) is decerebrated under deep 
anesthesia; the popliteal nerve is stimulated with single induction shocks; 
the peroneal nerve, cut at the knee, is led into a moist receiving chamber 
and placed on leading-off electrodes with a crushed point on the nerve 
between them to render the action currents monophasic; the leads are con- 
nected with a string galvanometer, and the action currents of the nerve 
recorded photographically. Decerebration was usually performed with the 
Sherrington guillotine at the level of the anterior colliculi, but in two ex- 
periments it was effected by ligating the basilar artery. 
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In almost all of the present experiments the electron-tube amplifier 
(Forbes and Thacher, 1920) has been used. The recording camera was 
also described in this paper. The earlier experiments were made with the 
Cambridge galvanometer; the later, with a Hindle instrument with 1.5 
mm. air gap. 

To apply two stimuli at brief intervals two devices were employed. In 
the earlier experiments we used a double circuit-breaking device similar to 
that described by Forbes and Miller (1922, fig. 6). This device provided a 
range of intervals from 0 to 55c. A slight disadvantage was the tendency 


Fig. 1. Diagram showing arrangement of preparation and apparatus. 1 and 2, 
keys of double interrupter for application of successive stimuli to afferent (popliteal) 
nerve. The motor nerve (peroneal) is shown severed from the tibialis anticus 
muscle, ¢.a., and connected with the string galvanometer, G. 


of the contacts to be joggled when the swinging strip was first released from 
the catch, and thus to produce extra stimuli preceding the two stimuli 
desired. This difficulty was eliminated by freshly amalgamating the cop- 
per contact points. 

In the later experiments we used a pendulum patterned in the main on 
the description by Lucas (1908). This instrument has been described in 
detail by Forbes, Ray and Griffith (1923). The two primary circuits could 
be kept quite separate from each other (which under certain conditions may 
be advantageous, and which was impossible with the other device) and the 
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interval between stimuli could be more finely graded than with the simpler 
device. 

In all experiments the secondary coils were connected in parallel, the 
cathode on the break shock in each being connected with the electrode 
nearest the spinal cord. The wiring plan and general arrangement are 
shown in figure 1. 

In view of the marked decrease in the size of electric response, which 
occurs when a rapid series of stimuli is applied (see Forbes and Gregg, 
1915a; Forbes, Cobb and Cattell, 1923), we made a point of allowing a 
rest of at least 3 or 4 seconds, during which no stimulus was applied, before 
delivering each pair of stimuli. We also made an effort to be certain that 
both stimuli were supramaximal. This is important, since if either first 
or second stimulus were submaximal, the resulting difference in the size 
of the two responses would give a false impression of summation, in one 
case, and of refractory phase or fatigue in the other. The definite “‘plateau”’ 
in the size of response attained when the strength of stimulus becomes maxi- 
mal (i.e., when adequate for all the fibers in the nerve), though easy to 
establish when the response of the stimulated nerve is directly recorded 
(Forbes and Gregg, 1915b), is not so definite in the case of the reflex 
preparation (Adrian and Forbes, 1922). Our method was to record a 
series of separate responses at several strengths with each stimulus by it- 
self. By observation of the animal’s movements and by watching the ex- 
cursion of the string, it was possible to judge fairly well when the maximal 
value was obtained. Subsequent examination of the photographic records 
served to verify this. When the plateau value of the reflex response was 
somewhat indefinite and the responses to the two stimuli taken separately 
showed inequality, the effect of the first response on the second at brief 
stimulus intervals could still be estimated by a comparison of the second 
response in the case of double stimulation, with the isolated response to the 
second stimulus applied alone. 

In the earlier experiments the animals were simply decerebrate. Peculiar 
differences between successive preparations led us to seek every possible 
clue to anexplanation. Forbes, Cobb and Cattell (1923) showed that spinal 
transection caused certain striking changes in the flexion reflex recorded by 
thissame method. The most marked change was a decrease in the amount 
of falling off in the size of responses to a series of stimuli applied between 
5and 10persecond. For this reason we tried spinal transection at the level 
of the last rib in a number of the later experiments. Sometimes this was 
done before decerebration, usually after. In some cases a series of records 
was made after decerebration and before transection; the cord was then 
transected and another series of records made thereafter for comparison. 

For reasons to be mentioned presently, we were led to suspect that signifi- 
cant changes in the relative size of responses to the two stimuli might be 
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caused by a fall of blood pressure. Ina number of experiments, therefore, 
we connected the carotid artery with a mercury manometer and after re- 
cording a series of observations, noting the blood pressure from time to time, 
we drew off measured quantities of blood through the side tube of the can- 
nula and made successive groups of observations with progressively decrease- 
ing blood pressure, until finally the animal was bled to death. The quick 
acting clutch in the camera, together with team-work in setting the keys 
of the pendulum, enabled us to obtain a rapid series of observations during 
the terminal loss of function in the spinal cord following the final 
hemorrhage. 

In a number of experiments we obtained a rough estimate of the blood 
pressure without the manometer by the simple expedient of passing the 
hook of a spring balance under the exposed carotid artery and noting how 
great a vertical pull sufficed to obliterate the pulse distal to the hook. This 
method is, of course, only roughly approximate, and with a given blood 
pressure, a smaller pull will be required to occlude a small artery than a 
large one. But it was found on checking this method against the measure- 
ments with a manometer that the blood pressure could usually be estimated 
by this method to within 15 mm. 

Resutts. Satisfactory observations were made upon thirty decere- 
brate preparations. Each experiment usually comprised between 100 and 
200 observations, sometimes 300 or more. Usually they were begun with 
an interval of from 30 to 50c¢ between stimuli and this interval was pro- 
gressively decreased to 1.50 or less, and then progressively increased again. 


Fig. 2. Records of double stimulation from six experiments in 1920. Each hori- 
zontal row comprises observations from a single preparation at different stimulus 
intervals. In the case of C two rows are given to show the constancy of behavior 
throughout this experiment. In each row the first two observations show responses 
to first and second stimuli applied singly for control. The speed of film is shown in 
most cases by shadow of tuning fork (1 d.v. = 0.01 sec.); throughout each experiment 
the speed was approximately constant. In B, C, D and E the amplifier was used; 
electric artefact shows time of stimulus by sharp excursion downward in all but E, 
in which artefact is diphasic with initial phase upward. Action current in all cases 
shown by upward excursion. 

A-D, Cambridge galvanometer, magnification, 300; E and F, Hindle galvanom- 
eter, magnification, 490. A. April 3; 12,000-ohm string, diam., 2.54; tension, 120 m. 
per amp. (see Forbes and Ray, 1923). B. May 8; same string, tension, 80 m. per amp. 
C. May 15; same string, tension, 59 m. peramp. D. May 22; same string, tension 
59 m. peramp. E. December 8; 19,500-ohm string, diam., 1.54; tension, 40 m. per 
amp. F. December 22; same string, tension, 400 m. per amp. 

Stimulus intervals in o, left to right beginning with third record in each row 
(following controls) A; 0.4, 1.5, 3.5, 6.6, 12, 19, 24, 39,53. BandC. 1.5, 2.5, 3.5, 4.5, 
5.5, 6.6, 7.8, 12, 24, 39. (Lower row of C has one at 31 between 24 and 39.) D. 0.4, 
1.0, 1.5, 3.5, 4.5, 5.5, 6.6, 8.8, 12, 24, 39. E. 1.0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.6, 9.9, 12, 24. 
F. 1.5, 2.5, 3.5, 4.5, 5.5, 6.6, 12, 17.9, 24, 39. 
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A considerable number of observations were made at each stimulus inter- 
val. In this way it was possible not only to compare different intervals, 
but to determine the degree of constancy in the type of response found 
with any giveninterval. Observations with the two stimuli were frequently 
interspersed with control observations with the first and second stimuli 
applied singly. 

Seven experiments were performed in 1920, before the attempt was made 
to determine the effect of spinal transection or of reducing the blood pres- 
sure. In figure 2 are shown typical observations from six of these experi- 
ments. They are so arranged that observations with the same, or nearly 
the same, stimulus interval are placed in the same vertical column, thereby 
rendering it easy to see at a glance the degree of similarity or difference 
between corresponding responses. In those observations made with the 
amplifier the electric artefact invariably appears preceding the response. 
It is interesting to note, incidentally, both in this and other figures, that the 
artefact varied rather strikingly in form from experiment to experiment. 
Since the investigation was continued over several years, and the experi- 
ments were interspersed with numerous others involving different arrange- 
ments of apparatus, the disposition of the wires and coils may have differed 
considerably in detail. Bishop, Erlanger and Gasser (1926) have given an 
analysis of the nature of the electric artefacts and their dependence on 
different properties of the stimulating and recording circuits. In several 
experiments the artefact appeared merely as a sharp spike in the record, the 
string returning to its base line before the reflex response began (see fig. 
2,B). Inthese records the artefact serves as a convenient indicator of the 
time of stimulation, and also as a check on the approximate equality of the 
two stimuli. In some experiments the string did not return to its base line 
before the beginning of the response, and in these cases measurements of 
the size of response were greatly confused by uncertainty as to the effect of 
the inertia of the returning string on the amplitude of the excursion imme- 
diately following it. 

A striking fact was that usually each preparation showed consistently a 
type of behavior more or less pecul'ar to itself. Sometimes the type of 
behavior would undergo a modification during the course of a long experi- 
ment, the change being presumably correlated with uncontrolled changes 
in the condition of the animal. It will be seen that in all but one of the 
experiments shown in figure 2 the second response was smaller than the first 
at all intervals studied. The experiments of Forbes and Gregg (1915a), 
and those of Forbes, Cobb and Cattell (1923), showed that in the decere- 
brate animal without spinal transection, when a series of afferent stimuli is 
applied with a frequency between 4 and 10 per second, the responses fol- 
lowing the first of the series show a great decrease in size. Recent experi- 
ments by Gerard and Forbes (1928) have shown that this reducing effect of 
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a previous response lasts for 0.8 second or even longer. Forbes, Cobb and 
Cattell interpreted this reduction as due to the occupation of a consider- 
able percentage of the motor neurones in a prolonged after-discharge, 
rendering them refractory to further stimulation. Gerard and Forbes 
(1928) have recently shown that this factor cannot account for all of the 
reduction observed. Some additional effect, akin to fatigue, must be 
invoked to explain the fact. The decrease in the second response, found 
in the present experiments at intervals of from 6 to 50c after the first, 
appears to be in the main a further exemplification of the same phenomenon. 
On the other hand it is interesting to note that, in one of these experiments 
at least, and possibly more, the second response increased in size as the 
interval was increased from 6¢ to about 240, then decreased again as the 
interval was increased to about 500; i.e., with the increase of the interval, 
the second response passed through a fairly definite maximum. A similar 
maximum was found in the experiment of May 15, but this experiment 
differed radically from all the others and will be discussed in detail presently. 

With respect to the least interval between responses these seven early 
experiments were not all the same, although all the observations in the course 
of each experiment were consistent with one another. In the experiment 
of May 8 a second stimulus, 2.5¢ after the first, evoked no modification 
of the response to the first stimulus alone; a second stimulus 3.50 after the 
first evoked a very small second response, appearing 60 after the beginning 
of the first response, and a second stimulus, 4.50 after the first, evoked a 
small but distinct second response also appearing about 60 after the first. 
In the experiment of April 3 the earliest second stimulus to cause a percep- 
tible effect was 6.50 after the first, and the response was not apparent in the 
record till 10¢ after the beginning of the first response. In both experi- 
ments no modifiation of the simple maximal response resulted from a 
second stimulus earlier than that which evoked a distinct second response 
(see fig. 2, A and B). These observations appear to harmonize with the 
conclusion of Adrian and Olmsted that the motor neurones cannot dis- 
charge a response to a second afferent volley earlier than 60 after their 
first discharge. 

All the other experiments of the early group showed consistently a differ- 
ent picture. In these a second stimulus, applied at any time after the re- 
fractory phase of the afferent nerve, caused a modification of the motor 
nerve response. With the briefer intervals it was impossible to distinguish 
separate responses in the record, but the combined response was clearly 
larger than the response to a single stimulus alone. Greater steepness of 
the slope of the ascending limb of the electroneurogram, or the greater 
height to which its peak rose, showed that the modification due to the 
early second stimulus with the briefest stimulus intervals, appeared at 
least as early as 3 or 40 after the onset of the response. This is clearly 
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shown in the records of figure 2,C -F. The inference from this is that a 
second impulse can leave the center earlier than 60 after the first, unless 
the early modification of the combined response by the second stimulus is 
due to the evoking of activity in a different group of motor neurones from 
those which participated in the response to the first stimulus alone. That 
an early second afferent volley, occurring just after the end of the refractory 
period in the afferent nerve, caused an augmentation of the reflex response, 
is shown not only by the comparison of the size of excursion with that 
evoked by either stimulus alone, but also by the fact that when the stimulus 
interval was reduced to less than the refractory phase of the stimulated 
nerve, the combined response decreased to the same size as that evoked 
by a single stimulus. This is illustrated in figure 2, D. The response to 
two stimuli at 1.50 interval showed augmentation, but the response to two 
stimuli at 0.50 interval was identical with the response to the single stimulus 
alone. 


Fig. 3. Records showing change in relative size of first and second responses in 
three experiments, occurring spontaneously in A, following spinal transection in 
BandC. Hindle Galvanometer used inall; magnification, 490. Amplifier used only 
in last three records of C. Observations in chronological order. A. December 8, 
1920; 19,500-ohm string, diam., 1.54; tension, 398 m. per amp. 


NUMBER OF OBSERVATION STIMULUS INTERVALING | TIME AFTER IST OBSERVATION 
minutes 

1 Ist stim. alone 0 
2 2nd stim. alone 1 
3 24 1.75 
4 19 2 
5 32 6 
6 19 6 
7 12 7 
8 32 19 
9 19 19 

10 12 25 

11 12 92 

12 19 94 

13 2nd stim. alone 94 


The 1st and 2nd stimuli were transposed after no. 7, and again after no. 10. In 
nos.7,10and11 the artefact marking 2nd stimulus appears at the peak of Ist response 
and must be discounted in judging the size of the response. B. March 24, 1921; 
25,000-ohm string, diam., 1.54; tension, 306 m. per amp. 1-4, right side of animal; 
5-8, left side before spinal transection; 9 and 10, left side 23 minutes after transection. 
Stimulus intervals in ¢: 1, 15; 2,2nd stimulus alone; 3, Ist stimulus alone; 4, 15; 5, 15; 
6, Ist alone; 7, 2nd alone; 8, 23;9, 15; 10, 2ndalone. C. April 5, 1921; same string as 
in B; tension, 1-3, 306 m. per amp.; 4-6, 51 m. per amp. with amplifier. 1-3, before 
spinal transection; 4-6, 27 minutes after spinal transection. 1, 2nd stimulus alone; 
2 and 3, stimulus interval 15c; 4 and 5, interval 23c; 6, 2nd alone. 
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The experiment of May 15 was unique in this early group, in that at all 
intervals less than about 400 the second response was invariably bigger 
than the first. It will be seen in figure 2, C that this condition is evident 
with the shortest interval at which the two responses can be distinguished, 
and even when the stimulus interval is so short that the responses are 
apparently fused into one, the size of response is much greater than that of 
either stimulus alone. Clearly the difference in size of response is not due to 
inequality of the stimuli, for the second stimulus when applied singly evoked 
little or no greater response than did the first; yet at intervals of from 12 to 
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250 the second response was from three to four times as large as the first. 
That this striking inequality was not due to irregularities in the base line, 
which are apt to occur with electron-tube amplification, is shown both by 
the steadiness of the base line, in absence of stimulation, throughout this 
experiment, and by the great regularity with which the peculiar augment- 
ing effect recurred in every one of a large number of observations made with 
appropriate stimulus intervals. The close agreement between successive 
observations is shown by the two complete sets of records reproduced in 
figure 2, C, 


Cc 
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Evidently we have in this experiment a striking picture of central summa- 
tion. The effect of the first stimulus was to produce some change in the 
center which made possible a larger discharge of impulses in response to a 
second stimulus following at an appropriate interval. Summation was 
present at all intervals from 1.50 to nearly 40¢, but the effect passed through 
a maximum at about 12¢. As the interval was increased beyond this 
amount there was a gradual decline in the size of the second response until 
at 38o it was little greater than the first response. 

It should be noted that throughout this experiment the response to the 
single stimulus was abnormally small, the recorded excursion, even with 


amplification, amounting only to between 1.0 and 1.5 mm. Under like 


experimental conditions excursions of 5 or 10 mm. or even more are not un- 
common. This fact suggests that the center was for some reason incapable 
of delivering as large a volley of motor impulses as is usual in the decere- 
brate animal until an afferent volley had had time to produce some liberating 
effect on the motor neurones. 

In the experiment of December 8 the reflex picture changed spontaneously 
during the course of the experiment. Observations were begun two hours 
after decerebration, and the first results are shown at the beginning of the 
top row in figure 3. Here it will be seen that at intervals of from 12 to 32¢ 
the second response was slightly bigger than the first, which condition 
resembles that of the experiment of May 15, but in much less marked degree. 
A feature that is more noticeable than the actual increase in the apparent 
size of response is the increased steepness of the ascending limb of the gal- 
vanometric excursion. This seems to denote an increased synchronism 
of the impulses constituting the second volley as compared with those in 
the first volley discharged from the motor neurones. The control procedure 
of applying the two stimuli separately showed that the second stimulus was 
slightly stronger than the first and evoked a slightly larger response. The 
difference, however, was not great enough to account for the difference in 
the size of response when the two stimuli were applied together, for not only 
was the difference larger in the case of double stimulation, but it persisted 
when the two stimuli were transposed, the stronger stimulus, which had 
been applied second, being applied first. After this transposition the see- 
ond response on double stimulation continued as before to be the larger. 
Examples of this are shown in the eighth and ninth observations in figure 
3, A. Five minutes after these observations, and two and a third hours 
after decerebration, the character of the combined response changed gradu- 
ally to the more usual type, and thereafter the second response was smaller 
than the first at all stimulus intervals. The last four records in figure 3, 
A illustrate this altered condition, as do the amplified records appearing in 
figure 2, E from the same experiment. The measurements are shown 


in table 1. We are unable to explain this change in the type of result from 
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double stimulation, but although the differences were not large, there 
seems little doubt that a real change in the behavior of the reflex centers 
occurred during the course of the experiment. 

It is an interesting question whether the latency of the flexion reflex is 
greater or less in the case of the response to a second stimulus than in the 
response to a single one. The electric artefact, appearing in most of our 


TABLE 1 


SIZE OF RESPONSE 
STIMULUS 


TIME AFTER DECEREBRATI( | INTERVALING 


Combined 


mm. 


minutes 
minutes 
minutes 
9 minutes 


Transposed stimuli 


| 


2 hours 16 minutes | 32¢ 

2 hours 16 minutes 19 0 
2 hours 17 minutes | 3.3 

2 hours 18 minutes 

2 hours 18 minutes 

2 hours 19 minutes 

s 20 minutes 

s 20 minutes 

s 21 minutes 

s 21 minutes 

21 minutes 

s 21 minutes 

23 minutes 


2 hours 45 minutes 
2 hours 45 minutes 
2 hours 45 minutes 
2 hours 45 minutes 
3 hours 31 minutes 19 


records, rendered it easy to obtain measurements of latency. The chief 
obstacle in the way of accurate measurements was the difficulty in estimat- 
ing the precise moment at which the response began. With a large re- 
sponse the excursion begins more abruptly than with a small one, and con- 
sequently the judgment is apt to lean toward a relatively earlier time of 
onset. 


First Second 
2 hours 0.7 
2 hours 0.8 
2 hours 0.6 
2 hours 0.7 
0.8 
Hi 0.9 
| 1.1 
1.0 
0.9 
1.0 
0 0.7 
0 0.45 
| 1.4 | 
0 | 0.6 
.0 
| 1.0 
Transposed stimuli 
= 0.9 | 
| 1.0 
0.9 | | 
| | | 1.0 
1.3 0.5 
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In general the measurements corroborate approximately those of Forbes 
and Gregg (1915a), which showed the average latency under similar ex- 
perimental conditions to be about 8c. The difference between the latencies 
of the first and second responses was always small, hardly exceeding the 
limits of observational error. When the second response was smaller than 
the first, our measurements appear to show regularly at intervals of less 
than 240 a slightly longer latency in the second response than in the first; 
and correspondingly, when the second response was the larger the second 
latency seemed to be briefer than the first. In general, the smaller the 
second response the longer appeared to be its latency; but we are inclined 
to emphasize the close agreement between the latencies at all stimulus 
intervals, rather than the possible but doubtful systematic differences which 
may have been correlated with the size of response. 

In most of these early experiments the following control was made for 
double stimulation of the afferent nerve: When all the reflex records had 
been obtained the afferent nerve (popliteal) was cut at the hip without dis- 
turbing its contact with the stimulating electrodes. The central end of the 
peripheral portion of the nerve thus separated from the animal, was placed 
on electrodes, with a crushed point between them, and connected with 
the galvanometer for the recording of monophasic action currents. A 
series of double stimuli, at the same intervals used in the reflex experiment, 
was then applied to the nerve. The recorded action currents showed 
whether at any given stimulus interval the second stimulus had evoked a 
response. 

In all but two experiments, those of May 15 and December 22, two re- 
sponses were obtained at all stimulus intervals of 1.5¢ or more. On May 
15 there was only one response at 1.50, but two responses at a stimulus 
interval of 2c. On December 22 there was only one response at 5.50, but 
two responses at 6.60. This observation did not harmonize with the reflex 
findings, and was probably explainable as due to a weak second stimulus 
and to cooling of the nerve after removal from the animal. 

In one experiment, that of May 22, there were clearly two responses when 
the stimulus interval was 1.50, probably two responses at lo, and possibly 
even at 0.4c. Even if a second response occurred it should not be inferred 
from this that the nerve had as brief an absolute refractory period as 
0.40, for as was pointed out by Forbes, Ray and Griffith (1923) the dura- 
tion of the induction shock may suffice to bridge a considerable part of the 
refractory period, and thus evoke a second response considerably longer 
after the first than the interval between the application of the two stimuli. 
On examining the reflex responses in this experiment, we found that with a 
stimulus interval of 1.0c the galvanometric excursion derived from the motor 
nerve was as large as it was with longer intervals (1.5¢ to 3.50) and con- 
siderably larger than that evoked by a single stimulus, whereas with 0.4¢ 
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the excursion was the same size as that evoked by a single stimulus. The 
inference is that few if any afferent fibers responded twice when the stimu- 
lus interval was as brief as 0.4¢. 

The effect of blood pressure. Having found in this early group of experi- 
ments the striking differences between individual preparations, illustrated 
in figure 2, we sought in the subsequent experiments to find a clue to the 
significance and causes of these differences. Adrian and Lucas (1912) 
observed a supernormal phase of excitability following the relative refrac- 
tory phase in nerve after the passage of an impulse. They suggested that 
reflex summation might depend on the arrival of succeeding impulses at 
some part of the reflex center during this supernormal phase of recovery from 
previous impulses. Subsequent observations by Adrian (1920) showed that 
the supernormal phase existed only when the nerve was subjected to an 
acid medium. In neutral or alkaline media the threshold merely fell gradu- 
ally, during the relative refractory period, to its normal, resting value, but 
did not overshoot that value as it did in acid medium. This consideration 
suggested to us that summation might be correlated with acidity in the 
central part of the reflex are. Acidity is presumably correlated with low 
blood supply. The fact that the experiment of May 15, in which reflex 
summation appeared most strikingly, was one in which the response to a 
single stimulus was abnormally small, suggested that the ability of the 
synapses to transmit impulses might have been impaired in consequence 
of low blood pressure, and the resulting acidity in the central structures. 
Such a condition would probably favor the appearance of summation, if 
this depended on the supernormal phase of recovery. 

To test this hypothesis we devoted our attention in the later experiments 
chiefly to observing the effect of progressively lowering blood pressure on 
reflex summation; this was done by successive hemorrhages until finally 
the animal was bled to death. Frequent records were made with single 
and double stimuli in alternation as the blood pressure fell, and were con- 
tinued until all reflex response had ceased. Since a rapid alternation of 
single and double stimuli for purposes of comparison was especially de- 
sirable during the terminal stage, when the spinal centers were losing their 
function rapidly, and since the resetting of the pendulum for different 
stimulus intervals involved delay, it was advantageous to adhere to a single 
stimulus interval when the terminal stage approached. The choice of the 
most significant ir‘erval was a problem. The results of our early experi- 
ments showed two somewhat distinct types of summation;—one, the aug- 
mentation of a response already in progress by an early second stimulus 
(1.5 to 5e after the first), the other, an increase in the size of the second 
response in consequence of the first, when the stimulus interval was long 
enough to render the two responses quite distinct. The former type oc- 
curred in almost every experiment, the latter was decidedly rare. Experi- 
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ments with brief intervals presumably have a more direct bearing on the 
question of the supernormal phase as a condition of reflex summation than 
observations with such long intervals as are required to produce distinct 
responses. For this reason and because summation at brief intervals was 
more regularly found, we selected a stimulus interval of 2.5 or 30, at which 
the summation effect was usually at its maximum. In this way we un- 
fortunately lost the opportunity to determine whether low blood pressure 
favored the type of summation illustrated in the experiment of May 15, 
i.e., the greater size of the second of two responses sufficiently separated in 
time to be quite distinct. 

Before considering the effect on reflex summation obtained by lowering 
blood pressure, we should mention the degree of uniformity in the initial 
size of the response to the single maximal stimulus and the amount of sum- 
mation usually found with brief stimulus intervals while blood pressure 
remained in the normal range. 

In estimating the uniformity of response to the single stimulus, difficulties 
arise because of the many possible sources of variation. Quite aside from 
the variability of behavior of the reflex center, there are technical difficulties 
in keeping experimental conditions uniform. Two symmetrical nerves 
from the same animal, dissected out and mounted in the same moist 
chamber on similar electrodes and stimulated with maximal currents, 
cannot be relied on to yield action currents of the same size in the galvan- 
ometer. Davis and Brunswick (1926) have shown the extent to which 
differences in the amount of connective tissue sheath left on a nerve will 
influence the size of the recorded action current. Forbes and Ray (1923) 
showed that even such slight tension as may easily be applied to a nerve in 
a careful dissection will materially reduce the action current. Excess of 
Ringer solution applied to a nerve will decrease the apparent response by 
acting as a short-circuit. Excessive drying will reduce the response to a 
small fraction of its normal value. On the other hand when careful atten- 
tion is paid to these matters, i.e., when the nerve is dissected clean without 
stretching, placed on electrodes always the same distance apart and with 
the crushed point close to the distal electrode, when supramaximal stimuli 
are applied to the afferent nerve, and when the string in the galvanometer 
is always adjusted to the same tension, then it is possible to make an 
approximate quantitative comparison of the responses in different reflex 
preparations. 

Forbes and Gregg (1915a) reported a tendency of the flexion reflex, 
recorded in this way, to increase with the hours elapsing after decerebra- 
tion. We have made a rough comparison of the size of response to single 
stimuli in the different experiments of our series, making allowance for the 
difference in string tension. In general this comparison confirms the ob- 
servation of Forbes and Gregg; the responses recorded soon after decere- 
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bration (40 to 100 minutes) were never as large as those which were some- 
times obtained at longer intervals (2 to 24 hours) after decerebration. It is 
true that some very small responses were recorded several hours after decere- 
bration, but these may have been due to stretching or drying of the nerve 
or to poor condition of the reflex center. It is significant that the maximum 
size of response under favorable conditions was larger after a lapse of several 
hours than it ever was in the first two hours. In several preparations in 
which the nerve was well protected from stretching and drying and in which 
the condition of the animal remained fairly constant, the size of response 
showed a progressive increase during the time it was under observation. 
This may have been partly due to drying of the excess of Ringer solution, 
but the increase was sometimes too large to be explained in this way; fur- 
thermore in most cases the motor nerve was freshly dissected and led into 
the moist chamber just before the observations which were measured. We 
may therefore consider this tendency to progressive increase a usual 
occurrence. 

In this connection it is noteworthy that in the experiment of May 15, 1920, 
in which summation was greatest, the records were begun an hour and a 
half after decerebration, and the responses to single stimuli were abnormally 
small. On April 3 and May 8 observations were begun between five and 
six hours after decerebration; on April 3 the responses to single stimuli 
were exceptionally large, and on May 8, though of less than average size, 
they were much larger than on May 15. On both April 3 and May 8 the 
usual relation between the first and second responses obtained, the second 
being much the smaller even at brief stimulus intervals (see fig. 2). Har- 
monizing with this difference between May 15, on the one hand, and April 
3 and May 8 on the other, is the fact, already mentioned, that on December 
8, prior to two and a third hours after decerebration the second response was 
larger than the first, but thereafter the first response became the larger of 
the two. This change was correlated with an increase in the absolute 
size of response to a single stimulus, as is shown in table 1. We have, 
therefore, considerable evidence of a tendency to central summation cor- 
related with the small absolute size of response in the first two hours or so 
after decerebration. 

Since we have selected the brief stimulus intervals (2.5¢ to 3.0c) as the 
standard for our test of the effect of falling blood pressure on reflex summa- 
tion, we should note first whether summation is usually found at these 
intervals, and if so, the usual ratio of the combined response to the single 
response. We have already noted that in our first two experiments the 
second stimulus caused no modification of the response, when applied at a 
shorter interval than 6.5c, in one case, or at less than 3.50 in the other. 
In the first experiment (April 3) the amplifier was not used. It is probable 
that had this been done some modification of the response would have been 
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detected with smaller intervals than 6.5¢, for in this respect the experiment 
stands alone. None of our subsequent experiments showed complete ab- 
sence of summation at brief intervals (2 to 3.5c). On the other hand 24 
experiments furnished records which clearly showed summation at these 
intervals. In the exceptional experiment of May 15 the summated re- 
sponse was about three times as large as the response to a single stimulus; in 
the others (excluding those with spinal transection) the summation ratio 
(combined response: single response) was from 1.12 to 2.2; a large majority 
of the measurements lay between 1.15 and 1.5, the average being not far 
from 1.26. 

In some experiments the spinal cord was transected at the level of the 
last rib before the observations were begun. The amount of summation 
at brief intervals in these cases was usually about the same as in the others, 
although some cases were found in which the summation ratio was as small 
as 1.06. 

When the animal was bled we found that in practically every instance 
neither the single response nor the combined response to two stimuli showed 
any appreciable change until the blood pressure had fallen to a very small 
value. Of seven experiments in which progressive bleeding was carried 
out, five seemed to show quite definitely that when the blood pressure has 
fallen so low that the single response undergoes a marked decrease in size, 
the summation ratio shows a definite increase. The other two experiments 
were inconclusive because of irregularity of response or confusing artefacts. 
In one of the five positive experiments (Jan. 10, 1924) the artefact was such 
as to make the terminal increase in summation somewhat doubtful. In 
another (May 16, 1924) the artefact rendered accurate quantitative com- 
parison impossible, but left little or no doubt that summation increased 
during the terminal fall of blood pressure (see fig. 4). In another (Jan. 
24, 1924) the ratio was large (about 1.5) throughout the experiment and did 
not change measurably till just before death, when the responses became 
too small to measure accurately, but at this stage there appeared to be a 
slight increase in the summation ratio. The two remaining experiments 
(Jan. 18, 1924 and June 12, 1925) showed unmistakable increase in summa- 
tion just before death. On January 18, the ratio remained in the vicinity of 
1.1 as the blood pressure fell from 74 mm. to 15 mm., but when the pressure 
fell to 6mm. (systolic) the ratio rose to 1.8. On June 12, 1925, we obtained 
the best quantitative results, both because we used a lighter string in the 
galvanometer and thus reduced the confusion due to artefact, and because 
the responses were large and continued so even after five successive bleed- 
ings, while the blood pressure fell so slowly that a large number of records 
were made before the reflex ceased. The ratio lay between 1.3 and1.5 
till blood pressure fell to 6 mm., and though it seemed to increase twice 
immediately after bleeding, the change in each case was so small as to be of 
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Fig. 4. Records from three experiments showing increase in summation associ- 
ated with terminal hemorrhage. Each group of adjacent records, showing single 
and double stimulation in alternation, was made in rapid succession. The wider 
gaps show longer intervals of time. Hemorrhage indicated by H. Hindle Galvan- 
ometer and amplifier used in all. Artefact appears as upward excursion in A, down- 
ward in Band C. Action current shown by upward excursion in all All 
observations in chronological order. Single stimuli shown by single dots on record, 
double stimuli by double dots. The ‘‘single stimulus’’ was the first stimulus, applied 
alone, in every case except the 2nd and 15th records in C, in which the second stimulus 
was applied alone. A. January 18, 1924; 17,000-ohm string, diam., 2.754; tension 
104 m. per amp. All double stimuli at 2.5¢ interval. Speed of film, 13.8 em. per 
second. B. May 16, 1924; same string and tension. Double stimuli at 2.5¢. Speed 
of film, 14.6 em. per second. C. June 12, 1925; 15,500-ohm string, diam., 1.75; 
tension, 95.8m.peramp. Double stimuliat 3c. Speed of film, 14.2 em. per second 

Time of groups of records after decerebration: A. Ist group, 1 h. 52 m.; 2nd, 2 h. 
3m.; 3rd, 3h. 43m.; 4th, 3h.50m.;5th,3h.55m. B. Ist, 5h.3m.; 2nd, 5h. 25 m.; 
3rd, 5h. 39 m. C. Ist, 4 h. 43 m.; 2nd, 5 h. 13 m.; 3rd, 6 h. 23 m.; 4th, 6 h. 27 m.; 
5th, 6h. 30 m. to 6h. 36 m.; 6th, 6 h. 36 m. 

The 6th group is a series of make and break shocks with the film running continu- 
ously; the excursions, all upward, show that reflex center was still discharging 
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Fig. 5. Graphs of two experiments showing increase of summation ratio with 
falling blood pressure upon terminal hemorrhage. Double stimulation at 2.5¢ 
interval on January 18; at 3c interval on June 12. Dots and circles show individual 
measurements of galvanometer excursions. 
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doubtful significance. When the animal was thought to be dead the records 
still showed reflex responses, which on measurement revealed a summation 
ratio of about 2.6. 

Figure 4 shows galvanometer records illustrating the terminal increasé 
in summation from the three best of these experiments. Figure 5 shows 
graphs of the measurements of single and double responses, together with 
blood pressures, plotted against time in two of these. It will be evident 
from these figures that the increase in summation is only relative: the 
response to two stimuli persists at more nearly its original value than does 
the response to a single stimulus. In this respect it recalls Adrian’s obser- 
vations on the “supernormal’’ phase following the relative refractory 
period. He found the excitability to be only supernormal as compared 
with the subnormal excitability caused by the acidity of the medium. The 
ability of the afferent impulses to evoke through summation a motor re- 
sponse in neurones which, in consequence of the failing blood supply, have 
ceased to respond to the single volley, suggests the possibility that the fail- 
ure of the first volley of afferent impulses may depend on acidity, and the 
summation effect may involve a supernormal phase of recovery somewhere 
in the reflex are. The fact that summation occurs in the case of afferent 
impulses only 2¢ or even 1.5¢ apart might be taken to militate against this 
view, for at the temperatures involved, the relative refractory phase in 
nerve lasts as long as 3c and the supernormal phase does not begin till that 
is over. But, as Forbes and Gregg pointed out (1915b), there is reason for 
supposing that in some part of the reflex are the refractory period may be 
much briefer than in peripheral nerve. 

Since the terminal increase in short-interval summation occurred only in 
preparations reaching a moribund state with blood pressure almost at 
zero, it has little or no bearing on the behavior of a preparation in good 
condition. 

Spinal transection. In the case of thirteen preparations the spinal cord 
was transected at about the level of the last rib. In three of these, spinal 
transection was done before decerebration; in six, after decerebration but 
before any double reflex records were made; in four experiments the spinal 
transection was between observations, i.e., reflex records were made both 
before and after transection. The nine experiments in which the cord was 
transected before observations were begun, served in a general way for 
comparison with preparations in which reflexes were observed with the 
cord intact, but they did not afford so direct a test of the effect of transec- 
tion as the four in which records were made both before and after. 

In general the results of transection corroborated the previous observa- 
tions of Forbes, Cobb and Cattell (1923) in showing an immediate increase 
in the reflex motor-nerve response to a single stimulus. 

As to the relation between the first and second responses, it was shown in 
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figure 2 that in the decerebrate preparation with cord intact there is great 
variation among different preparations in the relative size of the two re- 
sponses at any given interval, although usually each preparation maintains 
great constancy in this respect. Of the four experiments in which transec- 
tion was performed between two sets of observations, one showed no appreci- 
able change except a slight decrease in summation at brief stimulus inter- 
vals (2 to 3c), the ratio of the combined response to the single response 
decreasing from 1.23 to 1.06. Anothershowed no significant change, for the 
reason that after transection the responses became too irregular for satis- 
factory comparison. The other two experiments (March 24 and April 5, 
1921), showed a most interesting and significant change upon spinal tran- 
section. On March 24 the experiment was performed first on the right side 
of the animal without spinal transection. The usual picture was found, 
the second response being regularly smaller than the first. Laminectomy 
was then performed and the cord was exposed. Then the reflex experi- 
ment was repeated on the left side. With the spinal cord still intact the 
second response was now larger than the first at stimulus intervals of 15 and 
240. Twenty minutes after the cord was transected tests were made at 
stimulus intervals of 7.5 and 15¢. The second response was now very 
much smaller than the first. The first response was more than twice as 
large as before transection, while the second response was less than a third 
of its former size. The records illustrating this change are shown in figure 
3, B. On April 5 a similar result was obtained; before transection the 
second response was clearly larger than the first at stimulus intervals of 
7.5 to 240; after transection the first response was larger than the second. 
Quantitatively the change was not as great as on March 24, especially since 
the second response did not fall to nearly so small a value after transection, 
but the relation was clearly reversed. Typical observations of April 5 are 
shown in figure 3, C. Both of these experiments before spinal transection 
resembled that of May 15 in that the first response was abnormally small. 

That low blood pressure is not responsible for this type of summation is 
shown by the two experiments just described. Manometer measurements 
were not made in either of them, but blood pressure was estimated from 
time to time by the spring balance method. On March 24 the reading 
before transection was 35 grams; ten minutes after transection it was 18 
grams. On April 5 the reading was 11 grams before transection, and 9 or 
10 grams fifty minutes after transection. The approximate values of blood 
pressure corresponding to these readings were probably about 100, 80, 
60 and 50 mm. of mercury respectively. Thus we find that summation of 
the type shown in these experiments was replaced, upon spinal transection, 
by the opposite and more usual picture, in spite of the concomitant fall of 
blood pressure. Clearly this long-interval type of summation, at least, 
cannot be a consequence of low blood pressure. 
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We have noted that in only two of the first seven experiments (1920 
was the second response larger than the first. In one of these (May 15 
the second response was much larger at all intervals up to about 402 
throughout the experiment; in the other (Dec. 8) the second response was 
slightly larger early in the experiment, but the type of response changed 
spontaneously until the first response, increasing in size, became the larger of 
the two. We have just seen that in two more experiments a similar change 
occurred upon spinal transection. In one more experiment (June 11, 1925) 
two successive tests with a stimulus interval of 10¢ showed a second re- 
sponse slightly larger than the first. These five experiments were the only 
ones, in the entire series of thirty, in which the second response was larger 
than the first. This type of summation seems to represent a somewhat rare 
condition, probably more apt to occur soon after decerebration than later, 
never occurring after spinal transection and not correlated with low blood 
pressure. Twice this condition disappeared upon spinal transection. In 
one case at least and probably in both, the principal factor was increase in 
the size of the first response. This suggests that the original condition 
was due to some inhibitory influence from higher centers. The inhibitory 
effect must be such as to prevent some motor neurones from responding to 
the first volley of afferent impulses, and yet be overcome by central sum- 
mation due to the second volley. 

Discussion. In the interpretation of our results it is important to 
avoid the fallacy of treating the reflex arc as though it consisted of a single 
afferent neurone connected with a single motor neurone, that is, as an un- 
branched path differing only from the nerve fiber in the presence of a 
synapse. We should remember that the branching and convergence of 
paths are among the most important properties of reflex organization. One 
afferent fiber reaches several motor neurones, and one motor neurone re- 
ceives impulses from many afferent fibers. It is, therefore, unsound to 
draw unguarded conclusions as to the behavior of the individual motor 
neurone from observations on the response of the motor nerve as a whole. 

Let us first consider whether in reflex action the motor neurone can be 
made to discharge a second impulse as soon as the axon is ready to conduct 
it, that is, after an interval of 2 or 3c, when the fiber has recovered at least 
from its absolute refractory phase. In our experiments an early second 
stimulus evokes, in most cases, an augmented response appearing as early as 
3 or 4¢ after the beginning of the first response, and probably earlier. The 
steep slope of the curve in the records renders impossible the exact deter- 
mination of the moment when augmentation begins. The inference would 
seem to be that the motor neurone can discharge again within 3¢ of the ini- 
tial volley. We must bear in mind the possibility that the augmentation 
is due to the activities of new motor neurones which did not participate in 
the initial volley, but were only called into action through the influence 
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of central summation. We see no way to exclude this possibility with 
certainty, but in view of the observation of Cooper, Denny-Brown and 
Sherrington (1926), that the popliteal nerve may excite 75 per cent of all 
the motor neurones of the flexor group, it seems to us unlikely that the 
large augmentation found in some of our experiments, in which the re- 
sponse to the single stimulus was vigorous (e.g., fig. 4, C), could depend 
wholly on the calling into play of motor neurones which failed to respond 
to the first stimulus. 

The minority of our experiments, in which the second response was larger 
than the first, when the two responses were far enough apart to be distinct, 
suggests that under certain conditions, as yet undetermined, some of the 
motor neurones are prevented from responding to a single stimulus, but the 
central effect of the first stimulus in some way enables them to respond to a 
second afferent volley occurring at any time up to about 30 or 40e after the 
first (cf. Liddell and Sherrington, 1925). It has already been mentioned 
that in at least one of our first group of experiments, in which the second 
response was regularly smaller than the first, the size of the second response 
passed through a maximum when the stimulus interval was between 20 
and 30c. Similar observations were made in two or three of the later 
experiments. <A time from 15 or 20c to between 30 and 40c after the first 
response seems to have been favorable for a relatively large second re- 
sponse. The similarity of the time during which this relatively increased 
size of second response occurred, and the time during which summation 
was found in those experiments in which the second response was actually 
larger than the first, strongly suggests a common cause for the two phe- 
nomena. The experiments in which the second response was larger than 
the first were always those in which the first response was of unusually small 
size. In two cases this condition disappeared on spinal transection. These 
facts suggest that the small size of the first response depended on some in- 
hibitory effect caused by impulses coming from higher centers. It also 
appears that the afferent impulses, besides evoking the immediate motor 
response, produce come central effect which for from 15 to 30 or 350 tends 
to release the motor neurones from their inhibition, when this is present, 
and also tends to facilitate the second motor response in those experiments 
in which there was no evidence of inhibition of the first response. 

The increased summation ratio at brief stimulus intervals found in the 
later stages of loss of function, due to falling blood pressure, suggests the 
dependence of this type of summation upon a supernormal phase of re- 
covery conditioned by acidity, as Adrian has suggested. On the other 
hand this phenomenon may be open to other interpretations. 

Perhaps the most important question involved is whether our observa- 
tions point to the existence of a refractory period in the central portion of 
the reflex are. The usual result of double stimulation is a second response 
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much smaller than the first. This observation is open to various interpre- 
tations. There may be a refractory phase in the reflex arc, which has pre- 
vented a considerable number of the motor neurones from responding a 
second time. The subnormal second response in that case would be due to 
the reduced number of motor neurones partaking therein. Since the periph- 
eral motor fibers have fully recovered from their refractory period about 
3.50 after their first volley, a second volley traversing them at any longer 
interval than this after the first would be full-sized in the individual fibers. 
Asubnormal response as recorded in the entire nerve then suggests strongly 
that many of the fibers do not participate. The picture is complicated by 
the fact that according to Sherrington (1921) and Fulton (1926, p. 292) 
the flexion reflex usually consists of a brief tetanus and not a single volley 
in the motor neurones (cf. Adrian and Forbes, 1922). The tetanic fre- 
quency does not appear in the electroneurogram, since the individual ac- 
tion currents are presumably out of phase with each other (cf. Forbes and 
Gregg, 1915a). A smaller response then may represent a tetanus con- 
sisting not only of responses in fewer fibers, but also of fewer responses in 
each fiber. 

The effect of preoccupation of some of the motor fibers already engaged 
in after-discharge (the ‘‘line-busy”’ effect) has been shown by Gerard and 
Forbes (1928) to last only about 30c. This will account for a small part 
of the reduced size of the second response at intervals less than this. The 
second response is much more reduced in size than can be explained by the 
“‘line-busy” effect alone and the reduction lasts much longer; in fact it 
continues, as has been shown by Gerard and Forbes, for nearly a second. 
Reasons are given in their paper for concluding that there must be a fatigue 
or “equilibration” effect involved in this reduction of the second response. 
It cannot all be explained on the basis of refractory period in the motor 
neurones. In the case of shorter intervals, that is, those less than 15c, in 
which the second response is usually very much smaller than the first, 
the refractory period of some central structure may be involved, but in 
these cases we can find nothing upon which to differentiate sharply be- 


tween refractory period and fatigue in the reflex mechanism. The func- 
tional capacity of the center must have fallen off far more than that of the 
motor neurones. But whether the falling off be of the nature of a refrac- 
tory phase, such as we associate with the all-or-none type of response, or 


whether it be an impairment harmonizing better with Sherrington’s pro- 
posed conception of central function, remains an open question. 


SUMMARY 


1. In order to obtain evidence bearing on the problems of summation and 
refractory phase in the reflex arc, an afferent nerve in the hind limb of the 
decerebrate cat was stimulated with two successive maximal stimuli at 
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various intervals, and the resulting action currents in the motor nerve 
involved in the flexion reflex were recorded with a string galvanometer, 
usually aided by an amplifier. 

2. Individual decerebrate preparations often differed in their behavior 
with respect to two stimuli, but each preparation was usually consistent in 
the character of response throughout the experiment. 

3. In the majority of experiments the second response was smaller 
than the first at all stimulus intervals from 1.50 (at which the second re- 
sponse could only be recognized as an augmentation of the first) to 50, the 
longest interval tested. Insome experiments there was a maximum in the 
size of the second response when the stimulus interval was between 20 
and 300; at shorter and longer intervals the second response was smaller 
than’in this range. 

4. In a minority of experiments the second response was larger than the 
first at all intervals up to about 40c. In these cases the first response was 
abnormally small. In one experiment the condition changed spontane- 
ously, the first response increasing in size till it was larger than the second. 
In two cases in which the second response was larger than the first, this 
relation was reversed after low spinal transection. This fact, together 
with the abnormally small size of the first response prior to transection, 
suggests that in all these experiments the first response was subject to in- 
hibition by impulses coming from higher centers, and that central summa- 
tion released the motor neurones from this inhibition and enabled more of 
them to respond to the second stimulus. 

5. In almost all experiments the earliest possible modification of the 
response to a single stimulus by a second stimulus appeared not later than 
3 or 40 after the beginning of the first response, and probably earlier, the 
precise time being impossible to determine. This tends to show that the 
motor neurones can discharge a second volley of impulses about 3c, at most, 
after the first; but the possibility that the second response was in different 
neurones from the first has not been positively excluded. 

6. In the terminal fall of blood pressure following extreme hemorrhage, 
when the response to a single stimulus had decreased considerably in size, 
the response to two stimuli at a brief interval sometimes remained more 
nearly at its original value; the summation ratio thus increased. It is 
suggested that this type of summation may depend on the supernormal 
phase of recovery conditioned on acidity in the nerve center. Low blood 
pressure is not responsible for the other type of summation in which at 
longer intervals the second response is larger than the first. 


7. The small size of an early second response (stimulus interval from 5 to 
20c) in the majority of experiments, suggests a refractory phase in the cen- 
ter exceeding that of the peripheral fiber and preventing a majority of the 
motor neurones from responding. If each response consists of a brief and 
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rapid tetanus, the reduced size of response may be due to reduced duration 
and frequency of discharge in each motor neurone. The evidence does not 
settle the question whether central function is of the all-or-none type, like 
that of peripheral nerve, or of a different character subject to gradation, as 
has been suggested by Sherrington. 


We wish to thank Mr. J. O’Connor, Mr. P. C. Baird and Dr. R. W. 
Gerard for assistance in some of the experiments, and Miss L. H. Rice and 
Miss 8. Colt for help in preparing the paper for publication. 
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Gum acacia assumed physiological and medical importance when, 
during the great war, Bayliss (1918) advocated the addition of this colloid 
to simple salt solutions for intravenous infusion. He made approximate 
determinations of the viscosity and the colloid osmotic pressure, and found 
that these properties of 6 to 7 per cent acacia solutions corresponded fairly 
closely with the viscosity and osmotic pressure of human blood serum. 

Without going into controversial details, it is certainly fair to say that 
acacia solutions have not proved a useful means of giving fluid to shocked or 
exsanguinated patients. The reasons for this failure appear to reside more 
in what is not known about acacia than in any defect in the reasoning 
which has prompted the addition to salt solutions of a non-toxic colloid 
with an osmotic pressure comparable toserum. Bayliss recommended the 
acacia known as “Turkey elect,” but this designation does not identify a 
single substance and one looks through the literature quite vainly in the 
search for chemical analyses upon acacia or for physical measurements 
which could indicate even an approximate identity for different samples 
of the highly impure commercial gum. 

Experiments made by Drinker (1927) during the past year confirmed 
observations made by Krogh and Harrop (1920-21) to the effect that 
filtered 3 per cent acacia solutions buffered and made isotonic with frog 
plasma would not remain intravascular when perfused through the vessels 
of the foot of the frog. These solutions had an osmotic pressure prac- 
tically identical with frog plasma, and a viscosity somewhat higher, but 
beyond these points little of moment was known about them. For 
example, following the opinion of Bayliss—an opinion so far as publica- 
tions are concerned quite unbacked by attempts at experimental veri- 
fication—the calcium content was considered within safe normal limits. 

Accordingly, the problem presented itself of attempting to make a 
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reasonably pure acacia which in final nitrogen content and absence of ash 
should be uniform and which, it was hoped, would have a viscosity and 
osmotic pressure identical with blood serum when appropriate concentra- 
tions were used. Given a colloid of this sort it was further hoped that it 
would prove possible to add salts in proper amounts and to buffer to an 
appropriate hydrogen ion concentration. Such a solution would possess 
at least the crude characteristics of blood serum, and when so used would 
provide results in animal experiments controlled to a degree quite absent 
in work with acacia up to this time. 

The methods used in the preparation of what in this paper is called pure 
gum acacia, together with chemical analyses of this product, will be given 
in future papers. It may be said, however, that physiological experiments 
utilizing properly made solutions of this pure gum indicate for it no sign 
of toxicity, whereas contro] experiments made with solutions of the un- 
purified gum—the source of the pure product—indicate an invariable and 
prominent toxicity. The following observations deal more completely 
with the viscosity of acacia than has been done formerly, and show also 
that the formula of Arrhenius can be applied successfully to the determi- 
nation of the viscosity of both purified and unpurified gum. 

Experimental. I. Bayliss (1918) has tabulated the viscosity of a few 
polysaccharide and protein solutions. The viscosity of a 7 per cent gum 
acacia (calcium salt) compared to water is given as 3.1, and of a 7 per cent 
sodium salt as 3.4. These values are of little comparative use since no 
mention is made of the temperature and hydrogen ion concentration under 
which the measurements were made and no data characterizing the acacia 
are available. 

Using the Hess viscosimeter, I have measured the viscosity of com- 
mercial (unpurified) gum acacia and purified gum from the same source at 
different hydrogen ion concentrations and temperatures, and with and 
without the addition of sodium, calcium and potassium salts. Hydrogen 
ion concentrations were measured colorimetrically. The solutions em- 
ployed were as follows: 

a. One to 6 per cent unpurified gum in distilled water, pH 4.7 or less 
acid by the addition of NaOH. 

b. One to 6 per cent purified gum in distilled water, pH 1.2 or less acid 
by the addition of NaOH. 

c. One to 6 per cent unpurified gum in distilled water plus CaCl, 0.02 
per cent, KCI 0.02 per cent, NaCl 0.8 per cent, and NaHCO; in amounts 
necessary to give the pH desired. 

d. One to 6 per cent purified gum with salt additions as in c. 

The measurements are given in figures 1, 2, 3 and 4, and the results may 
be summarized as follows: 
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1. The viscosity of acacia solutions depends directly upon their con- 
centration (fig. 1). 

2. Changes in pH are very important, the purified and unpurified gum 
solutions being similarly affected. Viscosity is highest at pH concentra- 
tions from 4.7 to 5.2 (figs. 2 and 3). 

3. Temperature increases augment the viscosity of all the solutions 
examined. Temperature changes in the lower region (between 15° and 
24°C.) have a greater effect than changes in the higher region (between 
24° and 36°C.) (figs. 1, 2 and 3). 

4. The viscosity of the 6 per cent solutions of unpurified acacia is 25 to 
35 per cent higher than that of the purified substance (fig. 4). 

5. The viscosity of acacia solutions does not undergo measurable change 
when salts are added in the concentrations used in Ringer’s solution 
(compare BB, fig. 2, and AA, fig. 4). 


Fig. 1. Viscosity of 1 to 6 per cent solutions of AA unpurified and BB purified 
acacia solutions compared to water as unity. pH concentration AA = 4.7, BB = 
5.2. Owing to the use of HCl in the process of purification the purified gum in dis- 
tilled water has a pH of 1.2. In the above experiment addition of NaOH gave a 
pH of 5.2. A = viscosity at 18°C.; O = viscosity at 24°C.; a = viscosity at 
36°C. Ordinates: viscosity, H.0 = 1. Abscissa: concentration of gum in per cent. 

Fig. 2. Viscosity of 1 to 6 per cent solutions of AA unpurified gum, pH 4.7, and BB 
the same gum at a pH 7.4 with the salts of Ringer’s solution present. A = viscosity 
at 18°C.; O = viscosity at 24°C.; a = viscosity at 36°C. Ordinates: viscosity, 
H,0 = 1. Abscissa: concentration of gum in per cent. 

Fig. 3. Viscosity of 1 to 6 per cent solutions of AA purified acacia plus NaOH to 
make a pH of 5.2, and BB the same solution lacking the NaOH and with a pH of 
1.2. A = viscosity at 15°C.; O = viscosity at 24°C.; a = viscosity at 36°C. Or- 
dinates: viscosity, HO = 1. Abscissa: concentration of gum in per cent. 

Fig. 4. Measured and calculated viscosities of 1 to 6 per cent solutions of AA 
unpurified and BB purified’acacia at 20°C. and pH 7.4 with salts of Ringer’s solution. 
AA: O------- = values by measurement; A - = values by calculation; constant 
= 0.0783. BB: o------- = values by measurement; A———— = values by calcula- 
tion; constant = 0.0545. Ordinates: viscosity, HAO = 1. Abscissa: concentration 
of gum in per cent. 

Fig. 5. Measured and calculated viscosities of human plasma when diluted with 
Ringer’s solution, T. 20°C., pH 7.2. 0------- = values by calculation; A = 
values by measurement; constant = 0.0374. Ordinates: viscosity, HO = 1. Ab- 
scissa: large figures, concentration of gum in per cent; small figures, (upper row) 
concentration of plasma proteins in per cent, (lower row) concentration of plasma in 
per cent. 

Fig. 6. Measured and calculated viscosities of 6 per cent purified acacia plus the 
salts of Ringer’s solution and human erythrocytes, T. 20°C., pH 7.3. 0------- = 
values by calculation; A = values by measurement; constant for acacia solu- 
tion = 0.0545; constant for erythrocytes in Ringer’s solution = 0.00972. Ordinates: 
viscosity, H,0 = 1. Abscissa: per cent of erythrocytes. 

Fig. 7. Measured and calculated viscosities for mixtures of human plasma and 
different quantities of erythrocytes, T. 20°C., pH 7.3. values by calcula- 
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tion; A = values by measurement; constant for plasma = 0.0374; constant for 
erythrocytes in Ringer’s solution = 0.00972. Ordinates: viscosity, HO = 1. Ab- 
scissa: per cent of erythrocytes. 

Fig. 8. Measured and calculated viscosities of 6 per cent purified acacia plus the 
salts of Ringer’s solution and different quantities of human blood, T. 20°C., pH 
7.2 to 7.3.  O------- values by calculation; A————- = values by measurement; 
constant for acacia solution = 0.0545; constant for plasma = 0.0374; constant for 
erythrocytes in Ringer’s solution = 0.00972. Ordinates: viscosity, HxO = 1. Ab- 
scissa: per cent of blood. 
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6. Under the conditions existing in mammals (T 36° to 38°C., 7.2 to 
7.4 pH, and properly balanced sodium, potassium and calcium salts), the 
viscosity of 6 per cent unpurified gum acacia is 2.8, that of the purified 
substance 2.1 (BB. fig. 2; and AA, fig. 4). 

IT. About forty years ago Arrhenius (1887) studied the relation between 
the viscosity of certain electrolytes and non-electrolytes. He expressed 
this relation by the following formula: 


log n = 0C 


where » = the viscosity of a water solution 
C = the concentration of the dissolved particles 

and .@ = the constant 

Sackur (1902) and, five years later, Lewites (1907-8) determined the 
viscosity of the protein solutions studied by Arrhenius both by measure- 
ment and by calculation. The values obtained had a surprising agree- 
ment, although they were higher than the values from which Arrhenius 
deduced his formula. During the next few years similar calculations were 
made by Chick and Martin (1910-1913) and by Loeb (1921-22). Chick 
and Martin modified the original logarithmic formula of Arrhenius by 
introducing the hydration factor of the colloids studied. These investi- 
gators used, instead of the per cent concentration (c), the following 
this expression: 


100 p 
100 — (n+ 1) p 


where p is the gram quantity of the dissolved substance in 100 grams of 
solution and n is the hydration factor. The equation of Arrhenius with 
correction is as follows: 


100 p 
100 — (n+ 1) p 


log 7 = 0 


My calculations of the viscosity constant of solutions of gum acacia 
were made by the original log 7 = 6C formula. The concentration of these 
solutions was so low (1 to 6 per cent) that the correction caused by the 
hydration factor is less than the error of the capillary viscosimeter. 

Measurements and calculations gave the following results: 

The viscosity constant of the solutions of commercial (unpurified) gum 
acacia at 20°C. temperature and at 7.4 pH is 0.0783. 

The viscosity constant of the solutions of purified gum acacia at 20°C. 
temperature and 7.4 pH is 0.0545. 

Figure 4 shows a comparison of the values taken by measurement and 
calculation. 
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Thus, the validity of the logarithmic law of Arrhenius when applied to 
the polysaccharide acacia is indubitable, and as a consequence the con- 
centration and the viscosities of these solutions are in the same relation 
as those of the protein colloids. 

ITI. The viscosity of solutions containing several kinds of colloids has 
been studied only on protein solutions (Chick and Lubrzynska, 1914). 
It has been maintained that the total viscosity depends upon the sum of 
the viscosities of the different substances present. The logarithm of the 
viscosity of a complex system is thus equal to the sum of the logarithms 
of the viscosities of the several factors: 


log » = log m + log m2 + log n3 = @;C; + @.C2 + @;:C; 
I applied this formula to the following systems: 


a. Six per cent purified acacia (T 20°C., pH 7.4) and heparinized human plasma, 
pH 7.3. 

b. Six per cent purified acacia (T 20°C., pH 7.4) and human erythrocytes. 

c. Six per cent purified acacia (T 20°C., pH 7.4) and heparinized human plasma 
and human erythrocytes. 


It must be mentioned that serum and plasma are also complex colloids. 
Their components are albumin, pseudoglobulin, euglobulin, ete. Chick 
and her collaborators studied the viscosity of the separated protein com- 
ponents of horse serum, determined their viscosity constants (@), and 
compared the sum of the logarithms of their viscosities (log 7 + log m2. + 
log 73) with the logarithm of the viscosity of the whole serum (log 7). 
The sum of the logarithms of the viscosities of the fractions was 0.267; 
the logarithm of the measured viscosity of the whole serum was 0.236. 
There is, therefore, a difference of about 10 per cent between these values. 
In order to avoid the inclusion of an error of this magnitude, I considered 
human plasma as a simple colloid, determined the viscosity in different 
concentrations, and from these values calculated the viscosity constant 
of the system. This number, as is shown in figure 5, is 0.0374. As a 
consequence, the viscosity of the complex colloid obtained by mixing 6 
per cent acacia and human plasma is log n = @C; + C2, where @ = 
0.0545, 6. = 0.0374, and C; and C, = the concentration of gum acacia 
and that of the proteins of human plasma when 6 per cent acacia and 7.4 
per cent protein solutions were used. The results of these measurements 
and calculations are given in table 1, and they show that the logarithmic 
law of Arrhenius can be applied to mixtures of plasma proteins and acacia. 

IV. When isotonic salt solutions are added to washed erythrocytes, a 
mixture results in which the molecules of the dispersed phase of a colloid 
such as acacia are substituted by incomparably larger erythrocytes. I 
studied the viscosity of such mixtures of human red blood cells and isotonic 
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salt solutions, and the relation of such systems to the logarithmic law of 
Arrhenius. 

This problem was investigated by Bazett (1919) who gives the viscosity 
constant as 0.00964. In the last edition of Bayliss’ General Physiology 
(1924) and in a monograph which appeared in 1922, the investigations of 
Bazett are mentioned, but his constant is given in both places as 0.00773. 
According to my measurements and calculations, the viscosity constant 
of such mixtures of salt solutions and human red blood cells, at 20°C. 
temperature and 7.3 pH, is 0.00972. This number is very near that given 


TABLE 1 


Measured and calculated viscosities of mixtures of human plasma and acacia 


| | CALCULATED VIS- 

| CONCENTRA-| QUANTITY OF | CONCENTRA- COSITY BY THE 

TION OF THE PROTEIN | TION OF THE | viscosity | FORMULA : 
ACACIA SOLUTION PLASMA PRO-| (77,0 = 1) |LOG” Ci +6: 
IN THE IN THE TEINS IN THE | & = 0.0545 

MIXTURE MIXTURE MIXTURE | 62 = 0.0374 


|QUANTITY OF 
THE 6 PER 
CENT ACACIA 
SOLUTION 
IN THE 


MIXTURE (H20 = 1) 


per cent per cent per cent per cent 
95 5.7 5 0.37 ‘ 2.11 
90 10 0.74 ; 2.09 
80 ; 20 1.48 ; 2.07 
60 40 2.96 2.02 
20 80 5.92 1.93 


TABLE 2 
Measured and calculated viscosities of suspensions of erythrocytes in Ringer’s solution 


(6 = 0.00964) (@ = 0.00773) 
(BAZETT) (BAYLISS) 


VISCOSITY 
RED CELLS (H20 = 1) (@ = 0.00972) 


per cent 

50 3.06 3.03 
1.95 1.94 
1.39 1.42 
1.02 1.02 


in Bazett’s original paper but diverges greatly from the values given by 
Bayliss. The viscosities of the water suspensions of human erythrocytes 
by measurement and calculation are shown in table 2, which again enforces 
the fact that the viscosity of the blood is determined particularly by the 
erythrocytes and not by the proteins of the plasma. The viscosity of the 
blood, the cells of which were used in these determinations, was 4.3; the 
saline suspension of the erythrocytes in the same concentration (50 per 
cent) had a viscosity of 3.2. Thus, 75 per cent of the viscosity of the 


1 
2 
3 
4 
5 
| 
| 2.43 
1.3 
1.09 
1.01 
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whole blood is due to the cells and only 25 per cent to the proteins of the 
plasma. 

V. The viscosity constants of suspensions of human erythrocytes and 
that of the colloids of gum acacia have been given. By the formula log 
n = 0,C; + @:Co, the viscosity of the liquids obtained by mixtures of both 
systems can be calculated. Figure 6 shows the values by measurement and 
by calculation, when 6; = 0.0545 and 6. = 0.00972. It is clear that the 
viscosities gained by measurement and calculation for mixtures of 6 per 
cent gum acacia and human erythrocytes diverge greatly. According 
to the statements made in sections JJ and IV, the constants used may be 
considered within the limits of error. Therefore, the difference shown by 
figure 6 can be explained in but two ways: a. It is possible that the valid- 
ity of the logarithmic law relating to the viscosity of several colloidal 
systems containing human erythrocytes diminishes. }. On the other 
hand, it may be that the viscosity of a colloidal system containing human 
red blood cells is particularly affected by gum acacia. Figure 7 proves the 
correctness of this second supposition. The viscosity of suspensions of 
human red blood cells in their own plasma has nearly the same value by 
calculation and by measurement, and consequently it can scarcely be 
doubted that the 6 per cent acacia solution itself has a special influence on 
erythrocyte suspensions. The nature of this influence is probably a 
change in the dispersion of the red blood cells. 

Such effects on erythrocytes caused by gum acacia are mentioned also 
by Bayliss (1918). This investigator saw that cat erythrocytes sus- 
pended in acacia solutions became conglomerated and sank quickly. This 
fact, observed also by Robertson (1918) and by the writer of this paper, 
is not a real hemagglutination. Erythrocytes conglomerated in acacia 
solutions become homogenized when resuspended in Ringer’s solution or in 
their own plasma. The same fact can be observed when erythrocytes 
conglomerated in acacia are intensively shaken or mixed by a shaking 
machine. Robertson’s observation that this conglomeration takes place 
only in vitro and never in vivo finds one explanation of the movements of 
the cells in the circulation. 

VI. Finally, I want to give the results of studies made on the viscosity 
of acacia solutions containing human plasma and human erythrocytes. 
The viscosity of the heparinized human blood, the elements of which were 
used during these investigations, was 4.3 (T. 20°C., pH 7.2); the percentage 
of erythrocytes was 50, that of the plasma proteins 7.4. I determined the 
viscosity of the complex systems which were obtained by mixing 6 per cent 
acacia solutions and this human blood. Calculations were made by the 


log 7 = 0:C; + @:C2 + 
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viscosity of the blood + acacia mixture. 
0.0545 (viscosity constant of the colloids of acacia). 
0.0374 (viscosity constant of the colloids of plasma). 
= 0.00972 (viscosity constant of the suspensions of human 
erythrocytes). 
= concentration of the acacia in per cent. 
C, = concentration of the plasma proteins in per cent. 
C; = quantity of the erythrocytes in per cent. 

The results are shown in figure 8. If the difference between the cal- 
culated and measured values for the viscosity of the suspensions containing 
acacia and human erythrocytes is explained by the change in the dispersion 
of the cells, then, according to figure 8, this effect of acacia ceases when a 
small quantity of human plasma is present. This finding is another 
explanation of the observation of Bayliss and Robertson that the con- 
glomeration of erythrocytes can only be observed in vitro and never in 
vivo.” 

SUMMARY 


1. The viscosity of 1 to 6 per cent solutions of unpurified and purified 
gum acacia was measured by the viscosimeter of Hess at different hydrogen 
ion concentrations and temperatures, with and without sodium, calcium 
and potassium salts. 

2. The relation of the viscosity of these solutions to the log » = @C 
formula of Arrhenius was studied and the viscosity constants were cal- 
culated at 20°C. temperature and 7.4 pH. 

3. The viscosity and the viscosity constant of human heparinized 
plasma was determined and also the viscosity of systems containing acacia 
as well as the proteins of human plasma. These values were controlled 
by the viscosity constant of the acacia, by that of the human plasma pro- 
teins, and by the formula log n = @:;C; + @Co. 

4. The viscosity of isotonic salt solutions containing different quantities 
of human erythrocytes was measured and the viscosity constant of such 
systems was calculated. This number is very near the constant given by 
Bazett, but it greatly diverges from that given by Bayliss. 

5. The viscosity of suspensions containing a, gum acacia and human 
erythrocytes, and b, plasma and human erythrocytes was determined by 
measuring and calculating. The measured values differed from the 


2 Before sending this article to the press, a paper by Spencer and Drummond 
(1927) has appeared in which the effect of some binary electrolytes on the viscosity 
of solutions of commercial gum acacia is studied. The object of their investigations 
diverges from that of my own. Attention is directed to the work because the pub- 
lished viscosity values may be of interest. 


VISCOSITY OF GUM-ACACIA SOLUTIONS 467 


calculated ones, which indicates that in the presence of the colloids of gum 
acacia the dispersion of human erythrocytes changes. 

6. The viscosity of acacia solutions containing different quantities of 
human blood was determined by the formula log 7» = 6;C,; + @:.C2 + C3. 
Values by measurement and by calculation were in agreement, which 
indicates that the effect of acacia on the dispersion of human erythrocytes 
is prevented by the presence of human plasma. 
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In the course of experiments upon the occurrence and early detection of 
edema, it became advisable to utilize lung perfusions; and in order to avoid 
the entployment of large quantities of the varied fluids under examination, 
asmall animal was necessary. It is, of course,an exceedingly simple matter 
to cannulate the pulmonary artery of the guinea pig and drive fluid through 
the lung circuit, but unless the perfusion is made at normal arterial pressure 
the experiment can possess little physiological propriety. Experience in 
measuring the pulmonary arterial pressure in the dog, the cat, the rabbit 
and the monkey did not lead us to anticipate an easy task when dealing 
with so small an animal as the guinea pig. But the contrary proved true. 
There is no laboratory animal in which this circulatory measurement can 
be made so easily and so precisely. 

Metuop. Guinea pigs weighing from 350 to 400 grams were used and 
were anesthetized with 4 to 5 ec. of 5 per cent sodium-barbital given in- 
traperitoneally. After cannulation of the trachea and in some instances 
the left carotid artery, artificial respiration was begun. The tracheotomy 
incision was then extended to the tip of the xiphoid cartilage and the mus- 
cles cleared from the left side of the chest. The fourth rib was cut about 
1 cm. from the sternal border in order to avoid the left internal mammary, 
and this incision was carried forward, the sternum being elevated to disclose 
the mammary vessels which were tied at the upper limit of the incision. 
A window was then removed from the left side of the chest. The final 
opening should be about 2 em. long and 1.5 cm. across, and should not 
enter the right mediastinal partition. The pericardium was slit over the 
base of the heart and the arch of the pulmonary artery exposed. At the 
top of the arch there is a large and very constant attachment of the artery 
to the thoracic wall. A ligature under this adhesion draws the arch of the 
artery into a long cone whenever the tie is made tense. A glass cannula, 
bent at right angles 0.5 cm. from the tip and in size suitable for cannulation 
of the rabbit carotid, is filled with a strong heparin solution in physiological 
saline. With fine forceps the wall of the pulmonary artery may be raised 
just at the point of attachment of the adhesion and the outer coat incised. 
The tip of the cannula is readily forced through the remaining arterial wall 
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and the ligature tied. One thus obtains a preparation in which the large 
lumen of the pulmonary artery contains a small glass cannula tip pointing 
toward the heart. There is no interference with blood flow to any of the 
lobes of the lungs and not even a momentary occlusion of the artery. 
Both membrane and water manometers have been employed for our meas- 
urements. At the beginning of the observations 2 or 3 ec. of heparin 
solution were injected in order to avoid difficulties with coagulation. The 
entire operative procedure should not occupy more than 15 minutes and 
must be entirely bloodless. 


22 23 24 25 26 27 26 289 30 31 32 33 34 36 36 


123 4 656 6 7 8 ® 10 il 12 13 14 16 16 17 16 189 20 21 


Fig. 1. Pressure in the pulmonary artery of five different guinea pigs. Ordinates, 
millimeters of water. Abscissa, time in minutes. At / in curve 4, 1 ec. of 1-100,000 
horse serum intravenously; at 2, 1 cc. of horse serum intravenously. To save space 
the line of the abscissa is drawn at 60 mm. of water instead of 0. 


Resvtts. In figure 1 are found five curves of pulmonary arterial pres- 
sure from different guinea pigs. Under resting conditions the pressure in 
the individual animals is quite constant but ranges between 85 and 150 
mm. of water through the series. The fourth and longest curve is of espe- 
cial interest. At 1 the animal was given 1 ce. of 1—-100,000 horse serum in 
physiological saline. There was a slight and sustained rise of pressure. 
At 2, a full centimeter of horse serum was given. There was an enormous 
increase which, after 7 minutes, fell to a new level 13 mm. above normal. 
This is a characteristic ‘‘Brodie reaction.” 

Brodie (1900-1901) showed that cats which received horse serum in- 
travenously experienced a fall in systemic blood pressure and that this 
reaction was due to a strong constriction of the pulmonary vessels. 
Schultz (1911-1912) extended these observations, and later Drinker and 
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Bronfenbrenner (1924), utilizing newer methods for the measurement of 
pulmonary arterial pressure, brought out the extreme readiness with which 
the lung vessels of the cat react to different protein solutions. It is an 
interesting fact that the guinea pig displays the same reaction and from 
this angle is apparently as sensitive to foreign protein in the blood as is the 


cat. 

In figure 2, the systemic and pulmonary pressures are given together 
for an animal receiving two large injections of adrenin. The results are 
similar to those obtained with other laboratory animals. 


123834667 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 


Fig. 2. Upper curve, carotid artery pressure; lower curve, pulmonary artery 
pressure. Ordinates, millimeters of water. Abscissa, time in minutes. At / and 2, 
intravenous adrenin injections. 


CONCLUSIONS 


The pressure in the pulmonary artery of guinea pigs weighing from 350 
to 400 grams varies in different animals between 85 to 150 mm. of water 
(6.2 to 11.0 mm. Hg). 

This pressure is readily measured by the method described. 

The pulmonary vessels in the normal guinea pig constrict strongly when 
horse serum is given intravenously, a type of reaction not marked in any 
other common laboratory animal except the cat. 
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Considerable evidence has been accumulated concerning the effects of 
double ovariectomy in woman. It is agreed that complete removal of 
Ovarian tissue results in cessation of menstruation. Usually, however, 
one period of menses follows the operation if the ovaries up to the time of 
removal had retained some hormonal function. Data from woman as to 
the time of appearance and duration of this iast menstrual period following 
operation are often obscured by pathological conditions of either the ovaries 
or uterus, for the complete removal of normal ovaries from human beings 
is a rare occurrence. Studies of the menstrual cycle in monkeys (Heape, 
1897; Van Herwerden, 1906; Corner, 1923; Allen, 1927, and Hartman, 
1927) have shown that monkeys have a menstrual cycie very similar to 
that of human beings. Consequently evidence concerning ovariectomy 
effects upon the appearance and duration of the following menses in 
normal monkeys seems of considerable importance for comparative 
purposes. 

This paper presents evidence from eleven monkeys of which eight were 
sexually mature, two immature and one an old animal probably past the 
menopause. The animals were observed for considerable periods before 
operation and records kept of menstrual activity. This made it possible 
to date the operation at a definite time in the menstrual cycle and to 
correlate the degree of development of structures in the ovaries removed 
with the sexual history of the animals, thus providing background for the 
interpretation of operative effects. Results from the first five animals 
have been reported in an earlier paper (Allen, 1927) and will be repeated 
here only in the table and summary. 

Monkey NR was operated on October 11th. Her last recorded men- 
strual period was April 6 to 8, leaving a six-months period of amenorrhea. 
During this period, however, the “sexual skin” of the vulva, buttocks and 
median surfaces of the thighs had been considerably reddened, the color 
fluctuating in intensity. This is asex characteristic indicative of hormonal 

1 This work has been supported in part by grants from the Committee for Research 
in Problems of Sex of the National Research Council. 
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activity of the ovaries for it fades after ovariectomy and can be induced in 
spayed animals by injections of ovarian and placental extracts (Allen, 
1927). Therefore, this animal had been on a rather high plane of ovarian 
endocrine function in spite of the long period of amenorrhea. 

On examination of the ovaries a recent rupture point was observed and 
the uterine tube on that side was removed with the ovaries. An un- 
fertilized tubal ovum (Allen, 1928a) was recovered by flushing the tube 
with Ringer’s solution. Menstrual bleeding began on the third day 
following the operation and lasted seven days (see table 1). During the 
next two weeks the color of the “sexual skin” gradually faded to a very 
light red. 

Histological examination of the ovaries showed the large recent corpus 
luteum from which the ovum recovered from the uterine tube had been 
extruded. This corpus luteum had a central cavity filled with a finely 
reticulated substance lightly infiltrated with leucocytes. The walls of 
the luteal cells were quite thick and well vascularized. When compared 
with two other corpora lutea from which tubal ova had recently been 
extruded (Allen, 1927, plate 2, fig. 5 and plate 4, figs. 11 and 12) it seems 
probable that the corpus in this ovary represents a stage of development 
of probably three or more days after ovulation. 

The second ovary of this animal contained an old corpus in an advanced 
stage of retrogression. From data previously cited on correlation of 
ovulation with the menstrual cycle in monkeys the age of this corpus can 
be dated at about six and one-half months or about two weeks before the 
menstrual period observed in April. 

Beside these two corpora lutea the ovaries of animal NR contained a 
few medium sized and several small follicles and many small atretic 
follicles. Since this animal had ovulated only twice in the last six months a 
considerable number of atretic follicles was to be expected. 

Animals NL and 2E were operated upon and the ovaries removed on 
November Ist, the 14th day after the appearance of the previous menses. 
At this time the “sexual skin” phenomena of both monkeys were at a 
maximum. There was no indication of recent or impending ovulation in 
the ovaries of either. 

Menstrual bleeding began in both monkeys on the third day after the 
operations. In monkey NL it continued profusely for six days and then, 
after a period of three days of very slight or no hemorrhage, a second bleed- 
ing began which lasted three more days. This second hemorrhage began 
on the 26th day from the onset of the last menses 14 days before operation, 
and therefore came at the time expected if the operation had not been 
performed. In monkey 2E the duration of the operative menses was 
seven days. The color of the ‘sexual skin” faded gradually in both animals 
within three weeks after operation. 
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The ovaries of these two animals contained no corpora lutea although 
monkey NL had menstruated six times and monkey 2E three times in 
the seven months preceding operation. 

Each ovary contained from 10 to 20 moderately large follicles and as 
many more small follicles in which liquor folliculi had been formed in 
appreciable amounts. There were also many atretic follicles present. 
The incidence of polyovular follicles and binuclear ova seemed very high 
in the ovaries from all three of these animals (see Hartman, 1926). 

The ovaries have been removed from two immature monkeys and one 
old monkey which had probably passed the menopause. No menstruation 
was observed in these cases. 


TABLE 1 


The effect of double ovariectomy upon the appearance and duration of the next menses 


| | 

eo TIME OF OPERA- | APPEARANCE OF Ba pol 

MONKEY | | TION; DAYOF | CONTENT OF OVARIES | MENSES; DAY AFTER | 
CYCLE | | OPERATION 

| | IN DAYS 


| 


NR | 10/11/27 | Irregular Recent corpus | 3rd 7 
NL 11/ 1/27 | 14th Medium follicles | 3rd 6 (3) 
2N 11/ 1/27 | 14th | Medium follicles 3rd 7 
LE Ist | Old solid corpus Already bleeding | 4 
| when operated | 

10th | Recent corpus | 4th 
14th | Recent corpus | 5th 
10th-20th | Large follicles | 4th 
16th | Large follicles | 6th* 
| 14th Many medium fol- | 3rd 

licles 
(Old animal) | Few follicles, no | None 
| recent corpora 
II (Immature ) Small follicles | None 
III 2/19/27 | (Immature) Small follicles | None 


N 
RE 
2E 
B* 
B 


/2 
/25 
/2 


or 


* (Animal B, 1/2/26.) Large follicles in one ovary pierced with capillary pipette 
and liquor folliculi removed. (Another case is described by Hartman, 1927. ) 


The immature monkeys showed no signs of coloring or swelling of the 
“sexual skin.” The body weight of animal III was only 2.53 kgm. as 
compared with 3.37 kgm., an average body weight of six monkeys in our 
colony at the appearance of the first signs of puberty. From these data 
it is obvious that this animal was quite immature. The ovaries contained 
small follicles only. Apparently in these cases the ovaries had not reached 
a threshold of hormone production normally required for sufficient develop- 
ment of the endometrium. 

The data previously reported for five other animals are listed with the 
new data in table 1. 
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Comparison of the time of appearance of these operative menses after 
ovariectomy with that of the onset of experimental menses following cessa- 
tion of injections of ovarian hormone into spayed monkeys shows the 
reaction time to be practically equivalent. The operative menses were of 
longer duration and more profuse than the experimental menses (average 
6 days as compared with 4 days for normal menses in monkeys). 

By correlating the contents of the ovaries removed with the menstrual 
histories, the incidence of ovulation was obtained. This seems to be one 
point of difference in ovarian function in the monkey and the human being. 
In animal NR ovulation had occurred only twice in six months. One 
menstrual period had followed the first ovulation and a second normal 
period probably would have followed the second ovulation if ovariectomy 
had not been performed. In animals NL and 2E nine menstrual periods 
had been recorded without an ovulation. These data added to earlier 
observations already cited leave no doubt that menstruation may occur 
in the monkey without development of follicles to the point of ovulation. 
Clinical experience with women records a much higher incidence of ovula- 
tion, some observers stating that normally it is the usual thing for ovulation 
to occur during each cycle. It is interesting to note in discussion of 
ovariectomy effects that excision of a recent corpus luteum from one of the 
ovaries of woman near the intermenstrual time is often followed by pre- 
mature menstruation, usually within 48 hours following the operation 
(Pratt, 1927). That these newly forming corpora of woman are actively 
engaged in internal secretion of ovarian hormone has been demonstrated 
by injections of extracts (Allen, Pratt and Doisy, 1925) and by implants 
of fresh luteal tissue (Zondek and Aschheim, 1925). 

In summarizing, the following points should be emphasized: 

1. When ovarian endocrine function was interrupted by ovariectomy 
after two weeks of the cycle had elapsed, menstruation began prematurely. 
Removal of the ovaries toward the end of the second week of the men- 
strual cycle (10th to 16th days following the first appearance of the previous 
menses and just following ovulation in 3 cases) caused the onset of men- 
struation in 3 to 5 days after operation. This is an acceleration of 7 to 11 
days estimated upon the expectation of cycle length in the normal monkeys. 

2. These operative menses were more profuse and of longer duration 
than normal menses. 

3. In only 3 pairs of ovaries removed in the intermenstrum were recent 
corpora lutea present and these were probably of the Ist day after ovulation 
in 2 cases (RE and N) and of not more than the third or fourth day in the 
third case (NR). In the other animals ovulation had not recently oc- 
curred. The ovaries of these animals contained several (often many) 
moderately large follicles. 

4. It seems logical to conclude that a, if ovulation occurs, the corpus 
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luteum in the monkey may continue to secrete ovarian hormone somewhat 
similar to that secreted by follicles or b, if ovulation does not occur, large 
or atretic follicles may continue this endocrine function. The chief effects 
of this hormone in monkeys are the induction of growth in the genital 
organs to a functional condition and the maintenance of “‘sexual skin’”’ 


phenomena. 

5. Menstruation appears to be degenerative in significance and at least 
partly due to decrease in amount, or in these experiments to absence, of 
ovarian hormone after a certain amount of growth and development of 
the endometrium had been induced by hormone action.? 

6. The corpus luteum does not seem to be a necessary causative factor 
in the essential menstrual mechanism in the monkey. 
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2 In this connection it should be noted that in eight cases out of twelve experi- 
mental menses have followed cessation of injections of ovarian and placental extracts 
into spayed monkeys. In these experiments, however, full premenstrual develop- 
ment of the endometrium was not obtained (Allen, 1927, 1928b). 
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Prior to 1920 most of our knowledge concerning diet related to the growth 
phase. During the last few years, however, far-reaching and intensive 
investigations have been directed toward a solution of the problems of the 
role of diet in reproduction and milk secretion. As a result of work along 
this line a fifth vitamin has been postulated which is known as vitamin FE. 
The other vitamins (A, B, C and D) may properly be called growth vi- 
tamins, since they are essential for normal growth; whereas vitamin KE may 
be termed the reproductive vitamin, since in its absence growth may be 
normal but reproduction abnormal. It is true that during growth the re- 
productive organs do not develop normally as a result of deprivation of 
the so-called vitamin E; but the rate of growth of the animal as a whole is 
not impeded, so that development to the full adult size results. The typi- 
cal symptoms of vitamin E starvation are shown both by males and fe- 
males. Resorption of the embryos occurs in the females and degeneration 
of the gonads in males. It is our experience, together with others, that a 
diet may appear to be perfectly adequate judged by the rate of growth to 
maturity and fail completely at the time of reproduction or in the growth 
and development of the second generation. The failure in the second 
generation we believe is in many cases due to some abnormality of milk 
secretion. Any information along this line should therefore be applicable 
to the human, since it is well known that many mothers are unable satis- 
factorily to nourish their offspring. It is also true that in our intensive 
live stock practise of today serious disturbances result at reproduction time 
and that females will devour their young. With laboratory animals this 
particular phenomenon can be imitated or relieved by modification of the 
diet. The problem of reproduction is not alone that of the so-called vi- 
tamin E, since the proportion of practically all the known factors of the diet 
has an influence not only on growth but apparently on reproduction and 
attendant phenomena as well. In many cases the inadequacy of the diet 
is first revealed at the time of reproduction. 

As a result of their excellent work on vitamin E, Evans, Mattill and Sure 
and co-workers have come to the conclusion that some fats are rich in 
this specific factor while other fats are lacking it. Butter fat, for instance, 
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is supposed to be low in this principle, whereas wheat embryo oil contains 
an abundance. Recently, however, Mattill (1927) says “The relative 
paucity of butter fat in vitamin E is an artefact; for, when properly pro- 
tected from oxidation changes, very small amounts of butter fat suffice for 
normal reproduction.”” In order to eliminate vitamins A and D in con- 
nection with their reproduction work Evans and co-workers employed cod 
liver oil, and according to their data this specific oil is a very poor source 
of the reproductive vitamin. It is possible that some cod liver oils are 
better sources of this factor than others, and that some of these oils are 
absolutely deficient in the so-called vitamin E. However, the results in 
this paper show conclusively that one cod liver oil (Squibb) is a rich source 
of this unknown substance. Sure (1927) says that the specific brand of 
cod liver oil employed in his experiments does not contain vitamin FE. 


TABLE 1 


Composition of diets 


| SALT COD LIVER 
SASEIN | BUTTER FAT DEXTRIN 
MIXTURE OIL | 


18 
18 
18 
18 
18 
18 
18 
18 


56 
61 
65 
64 
63 
62 
61 
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Squibb’s cod liver oil was used. 


Vigorous rats from our own breeding colony, about 50 grams in weight, 
were used in all of these experiments. The diets consisted of purified ca- 
sein, 18 per cent, yeast, 12 per cent, salt mixture 185, 3.7 per cent, fat in 
different quantities in the various rations and dextrin to total 100 per cent. 
Casein was purified by washing with water acidified with acetic acid. It 
was washed daily in this manner for four weeks. The salt mixture was 
that employed by McCollum and Davis (1914). Dextrin was made by 
autoclaving starch moistened with 1 per cent of citric acid. The composi- 
tion of the diets used in these experiments is given in table 1, and the 
results on growth and reproduction are recorded in table 2. 

It is evident from an inspection of the table that cod liver oil as the sole 
source of fat soluble vitamins suffices for normal growth and reproduction. 
Seventh generation males and females have been raised on a synthetic diet 
containing 5 per cent of cod liver oil as the only source of vitamins A, D 
and E. Reproduction occurred even when the diet contained only 1 per 
cent of cod liver oil as the sole source of fat soluble vitamins. It is possible 


1 | | a 10 0 12 
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that lower levels would suffice but under these conditions butter fat which 
is said to be low in the reproductive factor would no doubt need to be added 
in order to insure an abundance of vitamin A. We expect to determine 
the minimum level of cod liver oil required for successful reproduction. 
These data are in distinct contrast to the statement of Evans and Burr 
(1925), who say: ‘‘Cod liver oil, though high in vitamins A and D, is 
notably lackingin E. Throughout the life of animals, 9 per cent by weight 
of the ration may be constituted by cod liver oil, a single drop of which 
daily is adequate for A requirements, and yet sterility result.””’ They 
furthermore state (1927) “It will be noted that though the oil secured 
from some of these sources occasionally leads to the birth of living young 


TABLE 2 
Growth and reproduction records 


TOTAL | NUMBER | NUM- | 
weuper | NUMBER | NUMBER | NUMBER | oF | 
or | or | or | YOUNG | REARED| °F | on 
OF DIET | FEMALES| LITTERS | YOUNG . con- | Four | YOUNG | pigr 
| | | BORN | | SUMED | Days | REARED | 


59 | 427 ¢ | 154 344 
74 516 8 107 377 
13 93 29 67 
8 47 | 10 20 
12 94 | | 25 47 
2 

1 


1 
2 
3 
4 


17 | 112 1 94 
18 24 | 150 5 74 | ++ 
12 | 14 | 107 | | 36 73 ++ 


a 


* Since this work is concerned mainly with reproduction many of the animals were 
killed at the end of four days. Subtracting this number from the figure given under 
‘‘Number of young reared”’ gives the total young weaned. 


when fed at an extremely high level (24 per cent of the ration), this is not 
usually the case.” 

The failure of our results to agree with data from other laboratories may 
be due to the kind of cod liver oil employed and, if so, it is extremely in- 
teresting that some cod liver oils are so potent for reproduction, lactation 
and rearing of young, while other oils are so inefficient. Evans and asso- 
ciates employed rations high in fat (lard), and preliminary work in this 
laboratory tends to confirm results on cod liver oil obtained by these in- 
vestigators, when high fat rations are usec. if this proves to be true, then 
it must demonstrate that the high fat content, or specifically the lard, 
exerts a detrimental effect. Recently Evans and Burr (1927) have demon- 
strated that wheat germ loses its potency when it is fed mixed with high 
amounts of certain fats. Hogan and Harshaw (1926) present data which 
indicate that on high lard diets plus cod liver oil animals do not reproduce. 


CURVE 
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15 138 | ++ 

| 13 | +4 

4 | | 73 

2 6 | 
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The data were presented to show that a reproductive vitamin is essential 
for fertility. Unpublished data from this laboratory by Nelson and Moore 
have also demonstrated that cod liver oil added to diets containing wheat 
embryo, which has been extracted so as to remove vitamin E, results in 
normal reproduction, milk secretion and rearing of young. Simmonds, 
Becker and McCollum (1927) believe that fats of beef liver are rich in this 
specific vitamin. Moore, Brodie and Hope (1927) obtained reproduction 
on a synthetic diet containing cod liver oil together with Crisco but it is 
doubtful if the cod liver oil was the only source of vitamin E. 

In this connection we desire to mention one particular phenomenon 
which is of interest. On some of the cod liver oil diets and on other food 
mixtures containing different sources of fat soluble vitamins, such as whole 
milk powder or butter fat, there is a high mortality of the females at the 
time of parturition. At this time they become very inactive and prefer 
to stretch out on the floor of the cage, where they remain in this position 
for hours or even a few days before they die. They exhibit little vitality, 
are not vicious, and do not appear to be in pain. Blood very often has 
been observed on the external genitals. The females appear to be unable 
to deliver their young and when this is the case invariably die. Résorp- 
tion does not occur. Autopsy on a number of such females has revealed 
the presence of healthy fetuses normal in number. A group of females on 
any one particular diet do not all show the condition at the same time. 
In the majority of cases it occurs at the time of first parturition, but we 
have many records where it did not develop until after the fourth and as 
late as the seventh parturition. We have not made anatomical examina- 
tions as yet, since we were primarily concerned with the problem of relief 
and the dietary factors involved. There can be little question but that 
diet plays directly or indirectly the major réle in this phenomenon, since 
it is never manifested by females on the growing ration. This particular 
abnormality, although associated with diet, may or may not be related to 
vitamin E. If it is connected with vitamin FE, it is surprising to note that 
it occurs on 10 per cent of cod liver oil, and yet reproduction is possible on 
1 per cent of this oil and possibly on lower levels; in other words, the condi- 
tion occurs in spite of the fact that at least ten times the minimum amount 
of vitamin E necessary for reproduction occurs in the diet. There are 
also many females that die shortly after the birth of young. The young 
are either born dead or, if born alive, are consumed. The mother often 
dies within a day or two after the birth of a litter. Our records on diets 
containing various cod liver oils include several hundred females that have 
died either with failure of delivery or shortly after birth of young. 

Data from this laboratory and in harmony with results of Evans, 
Mattill and Sure show that butter fat as the sole source of fat soluble 
vitamins in the diet at certain levels does not permit of normal reproduc- 
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tion, lactation and rearing of young. Evans, Mattill and Sure interpret 
this in conjunction with the failure of cod liver oil for this same purpose as 
a lack of vitamin E in these two fats. There can be no question but that 
the cod liver oil (Squibb) employed in this work suffices for normal growth 
as the sole source of fat soluble vitamins, and that reproductive perform- 
ance closely approximates the normal. We are unable to explain these 
results in connection with data cited by Mattill (1927) to the effect that 
work by Miss Clayton on the food value of various meats, milk and eggs 
for reproduction and lactation shows considerable improvement by the 
removal first of lard and later of cod liver oil from the ration mixture. 
We have never yet failed to obtain greatly superior results on reproduction 
with cod liver oil as contrasted with any butter fat under our observation. 
Such results have been on diets low in fat, however. The fact that Evans 
and associates (1925) failed to obtain equal success with cod liver oil must 
be due to one of two things. Either the cod liver oils which they employed 
are deficient in the reproductive vitamin, or else the high lard diet employed 
by them exercised a deleterious effect. Of course both of these factors 
may play a part in their findings. 

Recent work on reproduction appears to be centering on the suscepti- 
bility of different fats to oxidation and the presence or absence of oxidation 
inhibitors. Estill and McCollum (1927) have isolated by means of LiCl 
from wheat oil and cod liver oil an impure substance which inhibits the 
destruction of vitamin A by FeSO,, and they say that this substance may 
be vitamin E. As a matter of fact Anderegg and Nelson (1926), in data 
obtained from this laboratory, showed that wheat germ oil prevents the 
appearance of highly irritating decomposition products when incorporated 
in milk rations and other mixtures containing cod liver oil. They state, 
“Under such conditions, when cod liver oil was a component of the diet, 
very pungent and penetrating odors strongly suggestive of acrolein were 
produced. However, when wheat embryo oil had also been added to such 
a diet, no such decomposition was observed. On such diets, when wheat 
embryo oil was incorporated, reproduction and rearing of young occurred.” 
This property of inhibition of decomposition of cod liver oil was also pos- 
sessed by water and to a lesser degree by 95 per cent alcohol. Ether, 
chloroform or benzene to the extent of 5 per cent did not prevent the de- 
composition. Anderegg and Nelson were of the opinion that decomposi- 
tion was intimately related to failure of reproduction, and work in this 
laboratory is being continued along this line of thought. 

Recently Mattill (1927) has gathered some very interesting data on 
factors concerned in the oxidative changes which destroy vitamins A and FE, 
and which accompany the development of rancidity in unsaturated fats. 
Simmonds, Becker and McCollum (1927) have stated that vitamin E is 
in some manner related to iron metabolism. Mattill (1927) later says: 
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“That vitamin E regulates iron metabolism in any manner is improbable.”’ 
Hogan and Harshaw (1926) report data which indicate that anemia is not 
a factor in the failure of animals to reproduce on diets lacking vitamin F. 
Our results on synthetic diets containing butter fat or cod liver oil as the 
only sources of vitamins A, D and E show that there is no appreciable 
difference in erythrocyte count or hemoglobin content. The erythrocyte 
count on the diets containing butter fat and on the diets containing cod 
liver oil averaged between eight and nine million at che beginning of the 
experiment, and the same number obtained when the animals were three 
months old. This is in conformity with the data of Hogan and Harshaw. 


SUMMARY 


1. The specific brand of cod liver oil employed in these experiments is 
potent for reproduction. It is far superior to butter fat as the sole source 
of fat soluble vitamins and vitamin FE. 

2. Seventh generation rats have been weaned on 5 per cent of this cod 
liver oil. Animals reproduce readily on 1 per cent of the oil as the sole 
source of vitamin E. 

3. Many females on synthetic diets containing butter fat or cod liver 
oil die at time of parturition. Normal fetuses are present in these animals. 
Many females die shortly after birth of young. 


4, Failure of reproduction on our diets appears not to be related to 
anemia. 
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As far as the authors are aware, no work has appeared to the present 
time on the gaseous exchange in chicks on rachitic diets. However, a 
considerable amount of data has been published concerning the respira- 
tory quotient in vitamin B starvation. Ramoino (1914) found that 
pigeons fed polished rice gave abnormally low respiratory quotients. 
Anderson and Kulp (1922), on the other hand, observed no noticeable 
change in the respiratory quotient of poultry during vitamin starvation. 
During the first few hours after feeding rice quotients approaching or 
exceeding unity were obtained until a short time before the symptoms of 
polyneuritis appeared. Eighteen hours after feeding rice, the average 
quotients varied between 0.73 and 0.82. During paralysis the respiratory 
quotient seldom rose above 0.75. The work of Anderson and Kulp agrees 
with data reported by Jansen and Mangkoewinoto (1920). Caridroit 
(1922) found that pigeons on polished rice have a fairly uniform respiratory 
quotient during the first week, and that the value then drops very greatly. 

The apparatus chosen was a modification of the respiratory calorimeter 
designed by Haldane (1892) and adapted to the gravimetric method of 
calculation. By it the air is freed of carbon dioxide and water, cooled, 
and supplied to the animal within a closed chamber. The water and 
carbon dioxide given off as products of combustion are obtained directly 
and, since these are the only products of combustion given off by respira- 
tion, the loss in weight by the animal subtracted from the combined weights 
of the products of combustion leaves as a remainder the oxygen entering 
into the reaction. 

The apparatus consisted in detail of the following parts: a. Two large 
U tubes fitted with ground glass stoppers, connected in series, and filled 
with Sansolime, which is a highly satisfactory commercial soda-lime. The 
function of a is to remove the small amount of carbon dioxide normally 
present in the air. 6. A 400 cc. three-way flask fitted with an intake 
tube which opened by a capillary point near the bottom of the flask and 
with an outlet tube which passed barely through the paraffined cork 
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stopper. Concentrated sulphuric acid was placed in this flask to remove 
any water present in the air bubbling through it. Bits of pumice stone 
were placed in the sulphuric acid to prevent agitation which might throw 
the acid against the outlet tube. As an added precaution, the outlet tube 
extended six inches above the bottle so that, should any of the acid enter 
the tube, it would have ample opportunity to drain back and not be drawn 
into the rubber connection between the bottles. c. A constant tempera- 
ture bath consisting of several coils of 5mm. glass tubing coiled about in a 
stone jar through which a stream of tap water flowed. d. The calorim- 
eter, a two liter wide mouth glass jar for use while the chicks were small 
and replaced later by a six liter glass jar, each fitted with a ground glass 
stopper through which passed an inlet tube and an outlet tube, the former 
ending near the top of the jar and the latter leading from near the bottom. 
e. Next in series came another 400 cc. three way flask, a. duplicate of 
which contained bits of pumice stone and sulphuric acid which collected 
the water given off as a product of combustion. f. A 500 ec. wash-bottle 
followed the three-way flask e. It was fitted with a two hole stopper 
through which passed an intake tube which ended close to the bottom of 
the bottle and an outlet tube which extended barely through the stopper. 
This bottle contained Sansolime and had as its purpose the removal of the 
carbon dioxide given off as a product of combustion. In this reaction 
water is formed which necessitated g, a duplication of b, to collect the water 
of the reaction. At this point a T-tube was placed in the lime so that a four 
ounce bottle partially filled with a solution of barium hydroxide could be 
included. This permitted us to make frequent checks against loss of any 
carbon dioxide. Last of all came a narrow bodied eight ounce flask con- 
taining a small amount of mercury as a check valve against the accidental 
entry of water from the suction pump. Air was drawn through the entire 
system, arranged in the order given, by a tap suction pump connected 
beyond the check valve by pressure tubing. The different flasks were 
connected by short pieces of tight fitting rubber tubing of excellent quality. 
It is well to have these pieces as short as convenient and of good quality 
rubber, for carbon dioxide shows a surprising ability to penetrate rubber 
tubing. All intake and outlet tubes were sealed air tight by means of a 
beeswax resin cement and the ground glass stoppers were sealed in with 
raseline. The apparatus required careful and frequent checking to guard 
against leaks. In spite of constant care, a few runs were lost through the 
development of leaks after the experiment was begun. The interior of the 
calorimeter was maintained at 18°C. by increasing or decreasing the 
amount of cooled air drawn through it. 
Forty Rhode Island Red chicks three days of age were selected for the 
experiments. These were divided into four groups which were so chosen 
that for each chick in group I, a chick of identical weight appeared in 
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group II, and for every chick in group III, there was a chick in group IV 
of identical weight. These pairings were marked by corresponding serially 
numbered leg bands. The several groups were placed in pens identical in 
construction, light, heat, screen covering, floor covering of clean sand, 
feeding and watering apparatus. Chicks in pens numbered I and III 
were placed upon a rachitie diet herein referred to as diet no. 110; chicks 
in pens numbered ITI and IV were placed upon a non-rachitie diet subse- 
quently referred to as diet no. 120. The diet chosen for the production of 
rachitis was that known as McCollum’s diet no. 4026. It is an excellent 
diet for the purpose. 


Diet no. 110 Diet no. 120 
Wheat germ : Wheat germ..... 
Salt mixture no. 38........... 4. Salt mixture no. 38.......... 
Calcium carbonate ; Calcium carbonate 
Purified casein............... 20. Purified casein 
Gelatin 5 Gelatin 
Wheat gluten § Wheat gluten 


Salt mixture no. 38 


Calcium carbonate 

Potassium chloride 

Sodium chloride 

Sodium bicarbonate 
Magnesium oxide.............. 
Ferrous sulphate 


The chicks were fed each day at noon, being given all they cared to eat 
during the afternoon. The chicks selected for calorimetry on any partic- 
ular day were removed from the pens at 7:00 a.m. The feed pans were 
removed the previous evening so that the chicks then had nothing to eat 
for at least thirteen to fourteen hours previous to introduction to the 
calorimeter, thus giving conditions that were uniform and probably basal. 

The experiments began on April 5th. Thereafter, the chicks were 
weighed at intervals until June 7th when those on the non-rachitic diet 
were of such size as to tax the capacity of the calorimeter. The curves of 
growth of the chicks on diet 120 varied considerably. Growth was normal 
in the majority of individuals but in several cases growth was below the 
normal rate. The animals on the deficient diet as a rule did not grow as 
well as the others but some actually grew better on diet 110 than on diet 
120. The mortality on both diets was very low. About seventeen 
determinations of the R.Q. in chicks on the non-rachitic diet no. 120 
were made beginning on April 10th. The data are given in table 1. Se- 


5.00 
‘ 4.30 
1.50 
20.00 
5.00 
Butter fat (filtered).......... 5.00 Butter fat (filtered)......... 5.00 
Cod liver oil (Squibb)....... 3.00 
1.50 
1.00 
1.00 
0.40 
0.20 
0.20 
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lection of individuals for this series of experiments was made at random so 
as to make it as representative as possible. In four cases, viz., nos. O 
77, H 83, H 94 and H 90 second determinations were included as checks 
upon the data first obtained. In these as well as in all the others remark- 


TABLE 1 


Respiratory q uotient in normally growing chicks 


NUMBER | | Grams O2IN GRAMS 
H79 | 157 | 2.013 | 1.600 1.680 1.267 0.97 
| 857 ce. 886 ce. 
H 90 90 | 1.206 | 0.756 | 1.796 | 1.346 0.97 
| 916 cc. | 941 ce. 
H 90 117. | 2.050 1.500 | 2.180 1.630 0.97 
| | 1112 ce. | 1114 ce. 
H 94 150 1.921 | 1.216 | 2.826 | 2.121 0.99 
1442 ce. | 1483 cc. | 
H 88 167 1.944 1.285 | 2.901 2.242 0.94 
| |} 1451 ec. 1537 ce. 
O 33 237 2.481 1.438 3.961 2.918 | 0.99 
| 2001 cc. | 2021 cc. 
O 21 225 2.340 | 1.424 | 3.689 | 2.773 | 0.97 
| 1846 cc. 1901 ec. | 
O 05 201 1.986 1.164 3.311 2.489 0.97 
1642 ce. 1693 cc. | 
O 16 196 2.001 1.254 2.995 2.248 | 0.97 
1486 cc. 1527 cc. 
H 99 227 2.001 1.008 3.467 2.57 0.98 
1764 ce. 1800 ce. | 
O 16 198 2.201 1.346 3.249 2.394 | 0.99 
| 1642 ec. 1658 ce. 
O77 229 2.427 1.546 3.640 2.759 0.99 
1853 ce. 1872 cc. 
H 83 207 2.400 1.389 3.728 2.717 1.00 
| 1902 ce. 1900 ec. 
O77 229 2.427 1.546 3.640 2.759 0.99 
1853 ee. 1872 cc. | 
H 83 219 2.217 1.193 3.892 2.868 0.99 
1986 ce. 2000 ec. 
H 94 417 4.651 2.946 6.756 5.055 0.97 
3378 cc. 3464 cc. 
H 97 386 4.017 2.605 6.009 | 4.597 0.95 
3065 cc. | 3214 cc. | 


ably close agreement is apparent in the R.Q. The range here is from 0.94 
in chick H 88 to 1.00 in the determination on chick H 83. 

The first evidence of rachitis was observed three weeks after the chicks 
were placed on diet no. 110. Data in table 2 show that in no case does the 
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R.Q. in chicks suffering with leg weakness rise above the level of 0.72. 
The fall in the quotient appeared either two or three days preceding or at 
the time of the appearance of the visible symptoms of rickets. 
case of several of the birds more than one determination was made on 


Respiratory quotient in chicks with acute rachitis 
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In the 


H 39 206 1.212 1.350 2.370 2.508 0.69 
1209 ce. 1754 cc. 

H 91 287 1.300 1.400 3.200 | 3.300 0.71 
, 1585 ce. | 2238 ce. 

H 87 225 1.477 | 1.607 | 2.828 2.458 0.69 
1186 ce. | 1719 ce. 

O18 | 202 1.250 1.340 2.240 2.330 0.70 
1142 ec. 1629 ce. 

H 89 207 1.250 1.300 2.542 2.592 0.71 
| 1297 cc. 1812 ec. 

H 96 291 | 2.316 2.550 4.033 4.267 0.70 
2059 cc. | 2976 ce. 

O86 | 176 1.200 1.315 | 1.844 | 1.963 0.69 
|} 941 ce. 1373 ce. 

O 94 225 1.300 1.870 2.363 2.932 0.68 
1394 ec. | 2050 ce. 

0 19 307 2.850 3.200 6.800 | 7.150 0.70 
| 3366 ce. | 4850 ce. 

O 76 371 | 2.400 | 2.800 3.724 | 4.027 0.68 
1900 cc. | 2816 ce. 

H 85 342 4.100 | 4.145 | 8.401 | 8.446 0.72 
| 4160 ce. 5729 ce. 

H 98 285 | 1.725 | 1.845 3.596 3.716 0.70 
1834 cc. | 2598 cc. 

O 34 390 | 2.224 | 2.401 4.621 | 4.798 0.71 
| 2357 ec. | 3278 ce. 

O 34 321 1.250 | 1.300 3.200 3.250 0.72 
| 1632 ce. 2272 cc. 

O 34 351 | 2.312 2.500 | 4.053 4.241 0.70 
| | 2017 ce. 2956 cc. 

O 34 450 3.350 | 3.585 | 7.016 7.251 0.70 
| 3579 ce. | 5070 ee. 


different dates. It is well known that rickets can be relieved by treatment 
with ultra violet light or cod liver oil. Two or three days of such treat- 
ment made marked improvement in the birds. Chicks that were com- 
pletely prostrated, having lost all use of their limbs, with wings drooped, 
could, after three or four days’ treatment, hold the weight of their bodies 
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upright and draw their wings closely against their sides. Recovery was so 
marked that it was thought of interest to ascertain the effect of ultra 
violet light and cod liver oil on the respiratory quotient. A large number 
of rachitic chicks whose respiratory quotients approximated 0.70 were 
therefore subjected thirty minutes daily to ultra violet light or given each 
day by pipette six drops of cod liver oil, and the respiratory quotient deter- 
mined periodically. The R.Q. reached the level of 0.80 after only a few 
days of such treatment excepting in two cases and in one case had reached 
the level typical of that which we have previously shown to be maintained 
under normal conditions. Chicks H 91 and H 87 were completely pros- 
trated on April 23rd and 24th respectively. On April 27th bird H 91 
after having had the light treatment for four days showed a rise in the 
R.Q. to the level of 0.81 and number H 87, on the following day, with 
an identical exposure to ultra violet light, ‘showed a rise in the R.Q. to 
the level of 0.86. Treatment of chick O 18 for seven days changed the R.Q. 
from 0.70 to 0.92, while in the case of chick H 89, after twelve days the 
respiratory quotient was raised from 0.71 to 1.01. 


We found the temperature of experimental chicks fell previously to the 
appearance of the characteristic symptoms of rachitis, and it continued 
slightly lower than normal during the period over which these symptoms 
were apparent. These observations agree with those of Eijkman (1897), 
Abderhalden (1920), and Novaro (1920) in the study of the response of 
chicks and pigeons to vitamin B starvation. 


SUMMARY 


1. The respiratory quotient of the normal chick on an adequate diet is 
between 0.94 and 1.00. 

2. The respiratory quotient of chicks on rachitic diets is approximately 
0.70. 

3. Chicks maintain a normal respiratory interchange until immediately 
prior to the appearance of the characteristic symptoms of rachitis. 

4. During the continuance of these symptoms of rachitis, the respiratory 
quotient remains at a low level, in the vicinity of 0.70, as opposed to a 
normal respiratory quotient in the neighborhood of unity. 

5. Restoration of the anti-rachitic vitamin, either by administration 
of cod liver oil or by irradiation, brings about a rapid rise of the respiratory 
quotient. 

6. The temperature of the chick falls slightly and remains low through- 
out the manifestation of the symptoms of rachitis. There is but slight 
loss of appetite. 
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It is well known that a definite lymphocytosis can be produced by the 
use of drugs (Horbaczewski, 1891; Ruzicka, 1893; and Harvey, 1906). 
Harvey pointed out that a leukocytosis follows immediately upon the in- 
jection of pilocarpine, adrenalin, muscarine and barium chloride. He 
demonstrated that this was a true lymphocytosis and explained its origin 
as being of a purely mechanical nature due to the contraction of the 
plain muscle element in the spleen and lymphatic glands. Furthermore, 
he was able to show that a lymphocytosis could be produced through 
excitation of the splenic nerve. Peyton Rous (1908) introduced a cannula 
into the thoracic duct and collected lymph both after injection of pilo- 
carpine and following muscular exercise. He found that during muscular 
activity the output of cells from the thoracic duct was greatly increased. 
This effect he ascribed to contraction of the smooth muscle in the spleen 
and lymph nodes. Dixon (1912) showed that massage of the spleen 
increases the lymphocytes of the thoracic duct. Mora, Amtman and 
Hoffman (1926) reported the production of an emotional leukocytosis in 
dogs. They stated that the increase in total leukocyte count as a result 
of emotional stimulation varied from 30 to 150 per cent. They also 
mentioned the emotional leukocytosis that is often seen in patients who 
are in a state of fear and apprehension preceding an operation. In addi- 
tion, they pointed out that differential counts both in dogs and man re- 
vealed a relative increase in the polymorphonuclear forms but no figures 
were actually given. It is also known that many patients with exophthal- 
mic goiter show a definite relative lymphocytosis (Kocher, 1908) which 
has been thought to be due to a possible toxic sympathetic stimulation. 

The present work was undertaken to learn whether emotional stimula- 
tion of a normal animal would increase the relative number of lymphocytes 
and large mononuclear cells, inasmuch as emotion stimulates the sympa- 
thetic system and thus would presumably contract the spleen, just as 
pilovarpine and adrenalin do (Harvey, 1906). Furthermore, if the 
sympathetic system is the essential factor in bringing about an experi- 
mental relative mononucleosis, then emotional stimulation of animals 
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from which the whole sympathetic system had been removed or in which 
the spleen had been either removed or denervated should produce no 
appreciable increase. 

Metuop. The animals used were normal cats, and eats in which the 
heart had been denervated and from which the stellate ganglia, and the 
thoracic and abdominal sympathetic strands had been removed (ef. 
Cannon, Lewis and Britton, 1926). A certain number of animals were 
also used upon which splenectomy had been performed. 

A blood smear was taken from a small cut on the edge of the ear of an 
animal which had been quiet. If the animal has been excited, the differ- 


TABLE 1 


Changes in percentage of mononuclears in normal cats as a result of 10 to 15 minutes 
of excitement 


PERCENT- 
PERCENT- AGE OF 
AGE OF MONON U- PERCENT- 
car | | | INCRRAGE 
BEFORE ATELY OR 
EXCITE- AFTER DECREASE 
MENT EXCITE- 
MENT 
344 26.0 58.0 +32.0 
100 26.0 39.0 +13.0 
345 25.0 32.0 +7.0 
xX 34.5 41.0 +6.5 
120 42.5 56.0 | +13.5 
| 29.6 | 42.6 | +13.0 


ence in the results before and after excitement may be much reduced. 
After the control blood had been taken, the animal was tied to a board and 
allowed to be excited by this restraint for a period varying from 10 to 15 
minutes. After 5 minutes of excitement a smear was taken. At the end 
of the excitement another smear was made, and in some animals, additional 
smears, beginning with the end of the excitement, were taken at intervals 
during a period lasting from 35 minutes to about an hour. The smears 
were stained by the ordinary Wright method and usually 200 cells per 
smear were counted, from which the percentage of mononuclears was 
obtained. Since there are many forms of large mononuclears which are 
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hard to distinguish from lymphocytes by the ordinary Wright stain, and 
since there is some evidence for the probable similar origin of both large 
mononuclears and lymphocytes (Maximow, 1924), it was thought best 
in this investigation to combine in the differential count the lymphocytes 


Percentage Change 


~ Vv 
(Fig 2) 


Slimulation Period 


0 10 0 10 20 30 
Minules : Duting and Affer Stimulation 


Fig. 1. Graphic records of the results reported in table 2, showing the effect on 
the relative mononuclear count of 10 to 20 minutes of excitement. Normal cats 
-, sympathectomized—-—:—-, splenectomized ........ The thicker lines 


represent the composite graphs of the three groups of animals. 


and the large mononuclears into one group which may be termed “‘mononu- 
clears.”” In this manner it was thought that any question as to the 
interpretation of the results obtained might be obviated, especially since 
the mononuclear cells are best differentiated by the supra-vital method 
which was not used in this investigation. 
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Effect of excitement on the relative mononuclear count in normal animals. 
Table 1 shows the effect of 10 to 15 minutes of excitement on the per- 
centages of mononuclears in normal animals. It is clear that in every 
normal animal of the series a relative increase in the mononuclears has 


TABLE 2 


The course of the relative mononuclear count during and after 10 to 20 minutes of 
initial excitement 


PERCENTAGE OF MONONUCLEARS 


CAT NUMBER 


end of excitement 

end of excitement 
20 to 30 minutes after 

end of excitement 


ment 


ment 
Change at end of excite- | 


5 to 10 minutes of excite-| 


10 to 15 minutes after 


Before excitement 


| 30 to 50 minutes after 


| | per cent 


February 29 X (IIT) 5 0} 34.5 | +6.5 
March 3 100 (1) | 32.5 | 40.5! 46.0} 32 | +80 
March 6 345 (II) | ¢ 28 | 32.0) 34.0] 22.0) 22 | +7.0 
March 15.. | 348 (VIII) | 24.0) 21 | 32 | 28.0] 22 | +8.0 


April 190 CX) | 42.2 | 56.0) 53.0) 47.5, 413.5 


Sympathectomized 


March 7 | 322 (IV) | 26 | 18.5) 2 
3 | 
7 | 18.5) 


> 
March 24 ee 344 (IX) | 2 
March 27 ..-| 336 (V) 1 


Splenectomized 


March 13 .....-| 204 (VI) 38 | | 40 


March 13* | 345 (fig. 2) | %8 36 | 
March 21 | 204 (VII) | 40 | 39 | 36 | 27 26.5 26 
Mareh 21°°....... 348 (VIII A) | 19 5 | 23 | 19 14 


* Spleen denervated, abdominal sympathetic strands re emoved Mare h¢ 6, "1928. 


** Splenectomized March 15, 1928. 
The Roman numerals after the number of the cats refer to the individual graphs 


in figure 1. 


occurred, the average increase being 13 per cent. This effect necessarily 
involves a change in the differential formula, the change consisting in a 
relative decrease in the polymorphonuclears. Since polymorphonuclears 
fluctuate more readily than do mononuclears, the change in the differential 


| 
| re 
DATE —— | 
| | 
| 
Normal 
a{fis| |i2 | -2 
6 | 24 | 15 | +3 
8 118 | 11 +] 
| 419 
| -2 
~4 
+4 
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formula could be best emphasized by centering attention on the changes 
produced in the relative mononuclear count as a result of the excitement. 
It is evident from table 1 that the increase though constant is variable in 
quantity. This is not surprising, however, when one considers the variable 
nature of the stimulus which is used to activate the sympathetic system. 

The relative mononucleosis takes place throughout the period of excite- 
ment (fig. 1 and table 2) and in a few cases continues high for 10 to 15 
minutes after the end of the period. About 30 to 50 minutes after the 
end cf the period the original level in the relative mononuclear count has 
been restored, and in some cases actually has fallen below the pre- 
excitement level (table 2). 


TABLE 3 


Changes in percentage of mononuclears in symprthectomized cats 


PERCENT- 
PERCENT- AGE OF 
AGE OF MONONT- PERC ENT- 
MONONU- CLEARS AGE OF 
DATE <5 CLEARS IMMEDI- | INCREASE 
NUMBER BEFORE ATELY OR 
EXCITE- AFTER DECKEASE 
| MENT EXCITE- 
| MENT 
February 23, 1928........ 329 | 31.6 33 2.0 
February 25, 1928.......... | 329 45.0 43 2.0 
Powruary 26, 322 | 33.0 30 3.0 
March 7, 1928 $22 26.0 24 2.0 
March 8, 1928............. idhewuensh 329 34.2 33 1.2 
March 24, 1928............ 344 23.0 26 +3.0 
March 27, 1928 336 17.0 18 +1.0 


Effect of excitement on the relative mononuclear count of sympathectomized 
animals. Table 3 shows the changes produced in the relative mononuclear 
count in sympathectomized animals as a result of 10 to 15 minutes of 
excitement. In this table, contrary to the results reported in table 1, 
it is seen that excitement brings about no significant changes in the relative 
mononuclear count. If anything, there may be a tendency towards a 
slight decrease, as seen in four of the records. The average percentage of 
decrease is 0.36. As shown in figure 1 the immediate effect of excitement 
in sympathectomized preparations may be either to increase slightly 
the relative count 1 to 3 per cent (cats 344 and 336, table 2) or to cause 
a decrease as in cat 322. Thirty to 50 minutes after the excitement the 
relative mononuclear count is distinctly below the original level. In fact, 
the decrease is greater than that found in normal cats (cf. table 2, fig. 1). 

Effect of excitement on the relative mononuclear count of splenectomized 
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animals. Table 4 shows the results of excitement in animals which had 
undergone splenectomy. In cat 204 excitement for 10 to 15 minutes pro- 
duced, with one exception, a rise of 2 to 4 percent. This rise is below that 
of normal animals (see table 1), but evidently slightly above that of the 
sympathectomized preparations (see table 3). The average increase is 
1 per cent as against 13 per cent in normal cats, and —0.36 per cent in 
sympathectomized animals. 

When 30 to 50 minutes have elapsed after the end of the excitement the 
same relative decrease below the original level takes place in splenectomized 
as in sympathectomized animals (fig. 1, table 2). This also takes place 
in normal cats but apparently to a slighter degree (table 2). 


TABLE 4 


Effect of excitement on the percentage of mononuclears when the spleen is either 
extirpated or denervated 


PERCENT=- 
PERCENT- | AGE OF 
AGE OF MONONU=- PERCENT- 
CAT MONONU- CLEARS AGB OF 
EXCITE- AFTER DECREASE 
MENT EXCITE- 
MENT 
(| 204 33 35 +2 
204 | 43 47 | (+4 
345* 38 36 —2 
204 40 36 —4 


* Abdominal sympathetic strands removed, spleen denervated, and left splanchnic 
cut, March 6, 1928. 


_Denervation of the spleen and removal of the abdominal sympathetic 
strands seem to produce the same effect as splenectomy. In cat 345, 
after operation, it is seen (table 2, fig. 2) that from the very beginning of 
stimulation a progressive decrease in the relative mononuclear level has 
occurred just as in sympathectomized cat 322 or splenectomized cat 204 
(fig. 1). 

Discussion. It has been shown that the spleen is able to act as a 
reservoir of red blood corpuscles (Barcroft, 1923, 1927). Izquierdo and 
Cannon (1928) report that emotional excitement for one minute is followed 
quickly by a pronounced rise in the red corpuscles of the blood. The 
average increase is about 20 per cent. They also find that this emotional 
polycythemia fails to occur after removal of the upper abdominal sympa- 
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thetic and bilateral severance of the splanchnic nerves. After denervation 
of the spleen the usual excitement does not induce polycythemia, although 
prolonged excitement with struggle may occasionally increase the erythro- 
cyte count. 

The Malpighian follicles of the spleen are known to form a consider- 
able number of lymphocytes. With the lymphoid tissue of the intestine 
they constitute two of the most important sites of lymphoid tissue in the 
body (Krumbhaar, 1926). The relative mononuclear count of blood 
removed from the splenic pulp is found to be about 65 per cent. It seems 


10 


Cat 345 


Stimulation Period 


5 10 15 7 2 50 55 40 45 


Minules : During and After Stimulation 


Fig. 2. Effect of excitement on the relative mononuclear count in an animal 
before (————) and after ( ) removal of the abdominal sympathetic chains, 
severance of the left splanchnic nerve, and denervation of the spleen. 


plausible that, as a result of sympathetic activation, splenic contractions 
force out into the general circulation not only an increased number of 
red corpuscles, but also mononuclear leukocytes which, as just stated, 
are found in abundance in the spleen pulp. The increase in mononuclear 
cells is not due to a larger and faster blood flow through the spleen and 
lymph nodes which would mechanically wash out into the circulation 
more mononuclears and red blood corpuscles, for, in that case, the de- 
nervated spleen would presumably show the same relative increase in 
mononuclears as the normal spleen after emotional excitement. This, 
however, does not seem to be the case (see fig. 2). 
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Dixon (1912) showed that following splenectomy the lymphocyte count 
in the thoracic duct was lowered even when the thoracic duct cell count 
had been raised by pilocarpine injection. It would seem simple to account 
for the slightly greater relative increase of mononuclears after excitement 
in splenectomized than in sympathectomized animals as due to a sympa- 
thetic activation of other lymphoid structures. In a sympathectomized 
preparation all strands to abdominal and mediastinal lymph nodes are 
removed, and consequently the smooth muscle in these structures would 
not contract. This would presumably explain the absence of a mononu- 
clear rise in such animals. 

It is difficult to account for the marked fall in the relative mononuclear 
level 30 to 50 minutes after the end of excitement (see fig. 1). This fall 
is apparently more marked in sympathectomized and splenectomized cats 
than in normal cats (fig. 1 and table 2). There is some evidence that 
lymphocytes can disappear from the peripheral vessels. Minot and 
“Isaacs (1925) report that white blood corpuscles seem to be removed 
fairly rapidly from the peripheral circulation, as shown by the disappear- 
ance within 35 minutes of lymphocytes which had been transfused from a 
patient with chronic lymphatic leukemia into one with lymphoblastoma 
/in a lymphopenic phase. Bunting and Huston (1921) note that a large 
number of lymphocytes not only leave the blood stream but also the body, 
finding their way out to the surface of the mucous membrane, particularly 
~ that of the gastro-intestinal tract. Isaacs and Danielian (1927) point out 
that the mucous membranes of the mouth also act as a channel for the 
elimination of leukocytes from the blood stream. It is possible that an 
increased rate of lymphocytic elimination through these channels might 
account for the relative decrease in mononuclears 30 to 50 minutes after 
the end of excitement. In a sympathectomized and splenectomized 
animal, since there is no appreciable initial rise in mononuclears during 
excitement, the relative decrease as a result of elimination would be 
correspondingly more marked than in the normal. 

Further studies will be undertaken to determine the possible cause 
of this terminal relative decrease in mononuclears, especially in relation 
to absolute leukocyte counts. 


SUMMARY 


1. Excitement for 10 to 15 minutes causes in normal cats a relative 
increase in mononuclears, averaging 13 per cent (table 1). 

2. The relative increase in mononuclears is usually maintained for a 
brief period of 10 to 15 minutes after the period of excitement. The origi- 
nal level is reached within 20 to 30 minutes after the end of excitement 
(fig. 1 and table 2). 
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3. In sympathectomized animals excitement for 10 to 15 minutes 
produces no immediate change in the relative mononuclear count (table 3, 
fig. 1). 

4. Thirty to 50 minutes after the end of excitement the relative mononu- 
clear count in sympathectomized and splenectomized cats is distinctly 
below the pre-excitement level (table 2, fig. 1). 

5. Some evidence is presented showing that the spleen is an important 
factor in the production of an emotional relative mononucleosis. 


I wish to express my gratitude to Dr. Walter B. Cannon for assistance, 
advice and encouragement throughout the course of this investigation. 
I am also indebted to Dr. Robert M. Moore for performing operations on 
some of the animals used for this work. 
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In 1924 Hering, in a preliminary paper, reported that an increase of 
intracephalic vascular pressure fails to slow the heart after destruction of 
a small branch of the glosso-pharyngeal nerve (sinus-nerve) which is dis- 
tributed to the enlargement of the common carotid artery at its bifurcation 
into internal and external carotid branches. Hering interpreted his 
results as showing that cephalic hypertension causes cardiac slowing only 
through a reflex, the apparent pathway of which lies in this sinus nerve. 
Nash (1926), working in Anrep’s laboratory, in a brief note states that 
he can confirm the existence of such a reflex but believes that a direct 
central effect of high blood pressure can also be demonstrated. 

Indeed, the fact that the cardio-inhibitory center can be stimulated 
directly by an increase in blood pressure, under certain conditions at least, 
is now so generally accepted that the observations of Hering should be 
subjected to additional experimental tests. 

This is particularly important since the possibility remains that some of 
the effects which have been interpreted as due to a direct central action 
may conceivably be produced by such a reflex as Hering postulates. 

I. INCREASE OF BLOOD PRESSURE IN THE CIRCULATION OF THE “‘ISO- 
LATED’? HEAD OF THE DOG. Method: Two dogs, A and B, under chloralose 
narcosis, are prepared so that the isolated head of dog B which remains 
only in connection with the decapitated trunk B by the two vagus nerves 
is perfused by means of dog A. The details of the method have been 
described in previous papers (Heymans and Heymans (1926, 1927); 
Heymans and Ladon, (1925)). 

In a first series of experiments I have been able to show, in collaboration 
with A. Ladon (1925) and L. Remouchamps (1928), that an increase of 
blood pressure in the circulation of the isolated head B produces a very 
marked slowing of the heart in trunk B. But this slowing of the heart in 
trunk B only occurs when the blood pressure in trunk B is at or above a 
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normal level. The slowing in trunk B still occurs when the blood pressure 
is increased in head B after section of the nervus trijeminus and glosso- 
pharyngues of head B. 

This report deals with the influence of an increase of blood pressure in the 
isolated head B on the heart rate of trunk B before and after denervation 
of the bifurcations of the carotid arteries of head B according to the method 
described by Hering (1924, 1927). 

Experiments: Eight experiments were performed on sixteen dogs; we 
shall give the details of but two. 


Experiment 24-VI-1927. Dog A: 13 kgm., dog B: 8.5 kgm.; anesthetized with 
chloralose. The isolated head of B, only connected with the trunk of B by the two 
vagi, is perfused by dog A. The bifurcation of the left common carotid artery of 
the head B is denervated; the right carotid remains innervated. The blood pressure 
of the perfusing dog A (A, fig. 1) and the heart rate of trunk B (B, fig. 1) are regis- 
tered from the femoral arteries. In order to produce an increase of blood pressure in 
dog A and in the isolated head B, the two vagus nerves of dog A are divided (7 a, 
fig. 1). The increase of blood pressure in head B produces a marked slowing of the 
heart in trunk B. The right innervated carotid of head B is closed at f b, figure 1 
and as a consequence, the heart of trunk B returns to the frequency before the rise of 
blood pressure. At 7 ¢, figure 1, the right carotid is reopened and the heart of trunk 
B is slowed again. 

From ] to ], figure 1, the left denervated carotid of isolated head B is closed and 
no change of heart rate in trunk B occurs. From 7 d to e, figure 1, the right in- 
nervated carotid of head B is closed again and the slowing of heart in trunk B 
disappears. 

Experiment 27-VI-1927. Dog A: 16 kgm., dog B: 9kgm. The preparations are 
identical with those of the case just discussed. At | a, figure 2,0.1 mgm. epinephrin 
is injected into the vena saphena of dog A. The blood pressure in dog A and in iso- 
lated head B rises from 140 mm. mercury to 180 mm. In the meantime, the heart 
rate of trunk B slows from 148 to 84 beats per minute. From T b to T c, figure 2, 
the right, innervated, perfusing carotid of head B is closed, the heart rate in trunk 
B is accelerated from 84 beats to 120 beats per minute. The heart of trunk B is again 
slow when the right carotid is opened and the pressure allowed to act on the carotid 
sinus. From {| d to T e, figure 2; the left, denervated perfusing carotid of head B 
is closed; the heart rate in trunk B does not show a change in frequency. From 
f to T g, figure 2; the right innervated carotid is closed again and the heart of trunk 
B shows again an acceleration. 

Having established clearly these reactions, the bifurcation of the right common 
carotid of head B is then also denervated and epinephrin is again injected ( T a, fig. 
3) into the vena saphena of the perfusing dog A in order to produce a rise of blood 
pressure in the circulation of head B. As shown in the records B of figure 3, no change 
in heart rate occurs in trunk B during hypertension in head B ( T b to Tc, fig. 3). 
The two perfusing carotids of head B are closed in order to induce a complete and 
sudden fall of cephalic blood pressure; no change in heart rate of trunk B occurs. 

When the blood pressure in dog A and head B is going down, 0.1 mgm. epinephrin 
is injected into the vena saphena of trunk B (  d, fig. 3); the blood pressure rises in 
trunk B and heart B is slowed from 150 to 70 beats per minute in trunk Bonly. This 
slowing of the heart occurs through the reflex depressor-vagus pathway. 
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The results of the experiments related here in detail and confirmed by 
the other experiments of these two series demonstrate and confirm: 

a. That an increase of blood pressure in the circulation of the isolated 
head causes a slowing of the heart when the pressure acts in the cephalic 
end of an innervated carotid. 

b. After denervation of the carotid bifurcation no slowing of the heart 
occurs during cephalic increase of blood pressure. 

II. INCREASE OF BLOOD PRESSURE IN THE CEPHALIC END OF THE CAROTID 
AND VERTEBRAL ARTERIES OF THE DOG. Although the observations of 
these experiments performed with the method of the isolated head of the 
dog seemed to be conclusive, we controlled and extended these observa- 
tions by means of experiments performed with another method and under 
other conditions. 

While a guest of the Department of Physiology at Western Reserve 
University in October, 1927, I was able to make experiments on the 
effects of increasing and decreasing intracephalic vascular pressures before 
and after denervation of the carotid sinus. 

Method: Six experiments were performed on dogs anesthetized with 
morphia and sodium barbital. Cannulae were placed into the cephalic 
ends of the carotid arteries and connected to a bottle of defibrinated blood, 
somewhat diluted with saline solution. The perfusion fluid was kept at a 
constant temperature of 38°C. and placed under a comparatively high 


pressure which could be read on a mercury manometer. ‘The effect of 
suddenly increasing the pressure in the cephalic end of a carotid artery 
was then tested before and after denervation of the carotid sinus, care 
being taken a, that the procedure of denervation recently described by 
Hering (1927) was carefully followed, and 6, that the arterial pressure was 
not below that normal for the animal. The effects were studied by record- 


Fig. 1. A: Blood pressure of dog A (mercury manometer). B: Heart frequency 
of trunk B (tonometer). | a: Section of vagus nerves of dog A. | b— | c: Inner- 
vated carotid of head B closed. { — {: Denervated carotid of head B closed. 
| d— | e: Innervated carotid of head B closed. Time in all the figures = 3 seconds. 

Fig. 2. A: Blood pressure (mercury manometer) of the perfusing dog A. B: 
Heart frequency (tonometer) of the trunk of dog B. | a: Intravenous injection of 
0.1 mgm. epinephrin to dog A. | b — | c: Innervated carotid of head B closed. 
| d— | e: Denervated carotid of head B closed. | f— | h: Innervated carotid 
of head B closed. 

Fig. 3. A: Blood pressure (mercury manometer) of the perfusing dog A. B: 
Heart frequency (tonometer) of the trunk of dog B. | a: Intravenous injection of 
0.1 mgm. epinephrin to dog A. | b— | c: Denervated carotid arteries of head B 
closed. | d: intravenous injection of 0.1 mgm. epinephrin to trunk B. 

Fig. 5. R: Respiratory movements of the dog. P: Heart frequency (tonometer). 
I, | a— |b: Increase of intracranial, subdural pressure (carotid arteries innervated). 
II, | a— | b: Increase of intracranial pressure (carotid arteries denervated). 
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ing simultaneously the optical pressure in the cardiac end of a carotid 
and an electrocardiogram (lead II) and in two cases, the intraventricular 
pressure as well. 

Experimental results: Results were fortunately so consistent and clear 
cut that they can be surveyed to the best advantage by considering in 
detail the reactions in a single experiment. In experiment C411 the carotid 
sinus was undisturbed at the start. The pressure was first increased 
approximately to 250 mm. Hg in the cephalic end of the left carotid artery. 
The effects are shown in the curves of figure 4, A. The increase of intra- 
cephalic blood pressure at x is followed by a prompt pronounced slowing 
which, as the electrocardiogram shows, is of sinus origin. While the high 


A 


AA 


Fig. 4 


pressure is maintained, the rate first increases somewhat, and then de- 
velops a periodic rhythm, accelerating with inspiration and retarding 
during expiration as is normally the case. Calculations show that the rate 
per minute decreased from 180 to 125. In figure 4, B, the effects at the end 
of 6 seconds are shown. ‘The rate is still slow; systolic and diastolic pres- 
sures here declined appreciably. The contour of the pressure pulse has 
changed: the primary peak and after-oscillations are more intense, while 
the systolic summit and diastolic portion decline with a steeper gradient. 
All of these changes suggest that a reduction of peripheral resistance has 
occurred. The high cephalic blood pressure was abruptly discontinued at 
4,B,x. Within a few beats, a slight but measurable decrease in the cycle 
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length occurs, but the reaction to a rapid diminution of pressure is by no 
means as intense as that which followed the increase. Gradually the rate 
decreases, however, and 6 seconds later returns to 160 per minute. 

After heart rate and blood pressure had returned to normal the pressure 
was suddenly increased to 250 mm. Hg in the right carotid artery. The 
reactions which are shown in figure 4, C, obviously resemble those ob- 
tained when the pressure was raised in the cephalic end of the left carotid 
artery. The heart rate decreased on an average from 175 to 115 per 
minute, and the respiratory sinus arrhythmia again supervened. 

Having established these reactions clearly, the left carotid sinus was 
denervated and the pressure on this side was again elevated abruptly to 
250mm. Hg. As shown in figure 4, D, the results are entirely negative as 
far as changes in rate or rhythm are concerned. Nor is there evidence 
that changes in peripheral resistance occur. The systolic and diastolic 
pressures rise slightly and the pulse pressure becomes somewhat greater, 
but in all probability these changes are due to the augmented venous return 
which results from the perfusion of the head. 

To make certain that the vagus mechansim had not lost its irritability, 
the pressure was again increased on the right innervated side. <A slowing 
comparable to that shown in segment C was obtained. The pressure was 
then increased once more on the left denervated side, without the least 
effect on heart rate or pulse pressures. Finally, an attempt was made to 
show whether such reflexes are necessarily homolateral. In this animal 
with the right carotid sinus still innervated, the right vagus nerve was cut. 
Elevation of pressure in the cephalic end of the right carotid had no effect 
on the rate and rhythm of the heart. 

While such experiments appear to confirm the observations of Hering 
that an increased pressure in the cephalic circulation per se does not 
stimulate the cardio-inhibitory center, the argument may still be advanced 
that this is not a fair test of normal mechanisms, inasmuch as the pressure 
is not permitted to play upon the medullary centers through the vertebral 
vessels. Although an undoubted anastomosis occurs through the circle 
of Willis, there is evidence also that chemical substances affect the med- 
ullary centers more readily when supplied through the vertebral vessels. 
While the possibility that pressure changes may affect the medullary 
centers similarly is remote, two experiments were performed in which high 
pressures were applied through the vertebral arteries. The results were 
entirely negative and may be illustrated by a brief summary of observa- 
tions in experiment C413: 

1. Increase of pressure in the cephalic end of an innervated carotid 
caused a typical reflex slowing. 

2. After denervation of the carotid sinus, no change in cardiac rate or 
rhythm occurred upon repetition of the pressure rise. 
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3. Increase of pressure through the vertebral artery was likewise without 
effect. 

III. INTRACRANIAL PRESSURE AND HEART RATE. It is a well-known 
fact that the increase of intracranial pressures produces at first a slowing 
of the heart, followed by a short period of increase of heart rate and then 
a very marked slowing of the heart (Cushing, 1902, 1903; Eyster, Burrows, 
Essick, 1909). 

The origin of these changes in heart rate during the increase of pressure 
within the skull has been attributed: a, to direct mechanical stimulation 
of the cardio-inhibitory center; b, to the compression of the medullary 
capillaries which produces a certain degree of anoxemia; c, to the increase of 
blood pressure produced by the stimulation of the vasomotor center. 

It seemed of some interest to determine whether or not the innervations 
of the bifurcation of the carotids, i.e., the sinus nerves, are also involved 
in the mechanism of cardiac slowing produced by intracranial increase of 
pressure. 

Method: Dogs anesthetized with chloralose were used. A trephine 
opening was made in the skull and into this opening a cannula! was intro- 
duced under the excised dura. This was connected with a bottle contain- 
ing Ringer’s fluid under pressure and warmed to 38°C. A side-branch 
manometer indicated the degree of pressure. Respiratory movements 
and heart rate were registered. 

Experimental results: Experiment 11-II-1928, dog 15 kgm. Figure 5, 
J, shows at | an increase of the intracranial pressure to 130 mm. mercury. 
This produces a slowing of the heart lasting for 3 to 5 seconds, then an 
acceleration with increase of blood pressure, followed by a very marked 
slowing of the heart. The respiration is also inhibited. The slowing of 
the heart continues for several seconds after the suppression (fig. 5, I, | 5) 
of the intracranial pressure. 

The bifurcation of the two common carotid arteries is now denervated 
by the method of Hering. 

Figure 5, II, shows at | an increase of the intracranial pressure to 130 
mm. Hg and, as the registration of the heart rate shows, there are no 
differences in the reactions after the denervation of the carotid arteries; 
the same primary slowing of the heart is followed by an increase after 
which the secondary slowing occurs. 

These experiments were repeated several times on different dogs with the 
same results and we may conclude therefrom that the changes in heart 
rate at the moment and during increase of intracranial pressure persist 
after the section of the sinus nerves. 


1 This special screw cannula was given to me by Prof. Dr. A. Loevenhart. 
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The slowing of the heart which occurs during the increase of blood pres- 
sure in the cephalic circulation and the slowing which occurs during the 
increase of intracranial or subdural pressure are of different origins. The 
first disappears indeed after section of the sinus nerves while the second 
remains unaffected. 


SUMMARY-CONCLUSION 


1. Anincrease of blood pressure in the cephalic end of the carotid arteries 
of the dog, whose general blood pressure is at or above a normal level, 
invariably causes a slowing of the heart which in some cases is accompanied 
by a respiratory arrhythmia. 

2. After denervating the sinus caroticus according to the method de- 
scribed by Hering, an increase of blood pressure in the cephalic end of the 
carotid does not affect the heart rate. The slowing of the heart which 
accompanies, under normal conditions, such an increase of cephalic carotid 
pressure is a reflex from the sinus caroticus and, as far as our observations 
go, is apparently homolateral. 

3. Sudden elevation of blood pressure in the vertebral arteries does not 
produce a change in heart rate when the sinus caroticus has been dener- 
vated. 

These observations confirm those of Hering, viz., that an increase of 
pressure in the cephalic end of a carotid or a vertebral artery causes no 
slowing of the heart by a direct action on the cardio-inhibitory center; 
but through a reflex from the sinus caroticus. 

4. An increase of blood pressure in the body circulation produces a 
reflex slowing of the heart (pressor-vagus reflex). 

5. Epinephrin has no direct stimulating action on the cardio-inhibitory 
center of the dog. The primary slowing of the heart produced by epi- 
nephrin is a reflex due to the action of increased blood pressure on the 
endings of the sinus and depressor nerves. 

6. The rise of intracranial pressure causes a slowing of the heart which 
persists after denervating the carotid arteries. 


In conclusion, I wish to thank Prof. C. J. Wiggers for the privileges 
accorded me in his laboratory. 


BIBLIOGRAPHY 


Herine, H. E. 1924. Pfliiger’s Arch., cevi, 721. 
1927. Die Karotissinusreflexe auf Herz und Gefisse, ete. Steinkopf, 
Leipzig. 

Nasu, A. R. 1926. Proc. Physiol. Soc., Journ. Physiol., lxi, xxviii. 

Heymans, J. F. anp C. Hermans. 1926. Handb. d. biolog. Arbeitsm.; Abt. v, 
Teil 2. 


t 
4 


506 Cc. HEYMANS 


Heymans, J. F. anp C. Hermans. 1927. Arch. intern. pharmacodyn. et therap., 
xxxiii, 1. 

Hermans, C. anp A. Lapon. 1925. Arch. intern. pharmacodynamie et therapie, 
xxx, 415. 

Hermans C. anp L. Removucuamps. 1928. Mém. Acad. Med. Belg. (in press). 

CusHine. 1902. Mitteil. aus den Grenz. der Med. u. Chir., ix, 791; Ibid. Amer. 
Journ. Med. Sci., 1902, exxiv, 375. 1903. exxxv, 1012. 

Eyster, J. A. E., M. T. Burrows anp C. R. Essicx. 1909. Journ. Exper. Med., 
xi, 489. 


STUDIES ON THE CONDITIONS OF ACTIVITY IN ENDO- 
CRINE GLANDS 


XXIV. AsPHYXIAL STIMULATION OF THE DENERVATED ADRENAL GLAND 


R. L. ZWEMER! anv H. F. NEWTON? 
From the Laboratories of Physiology in the Harvard Medical School 


Received for publication May 7, 1928 


Discharge of adrenin after asphyxia has been reported by a number of 
investigators (1, 2, 5, 6, 7, 9) and iias been denied by others (10). With the 
exception of one dog described by Gasser and Meek (6) the results have 
been obtained from animals under anesthesia or recently operated on. In 
most cases, also, general asphyxia has been used, to which Stewart and 
Rogoff have objected on the grounds that the asphyxia might also affect 
the organ used as an indicator, e.g., the denervated heart. 

A sensitive indicator of adrenin in the surviving unanesthetized animal, 
the denervated heart, has recently become available through the work of 
Cannon and his collaborators (3, 4). In their experiments, denervation 
of the heart was supplemented by decentralization of the cardiac accelerat- 
ing hormones. 

In the present experiments the heart was denervated by removal of both 
thoracic sympathetic chains from the stellate ganglion to the 8th inter- 
costal space, or lower. The right vagus was cut and the free end drawn 
through the chest wall to prevent regrowth. The cardiac branches of the 
left vagus were severed, as were also the common cardiac and the depressor 
nerves. 

The sympathetic supply to the thyroids was destroyed by removal of the 
stellate ganglia; the supply to the liver was removed by dissection of the 
nerve strands accompanying the duodeno-hepatic artery ; the adrenals were 
inactivated by the removal of the right and the denervation of the left. 
The latter was accomplished by cutting the left splanchnic nerves, and 
removing the left upper abdominal sympathetic chain. Additional 
portions of the sympathetic system were removed in most cases, the most 
complete being total, bilateral, abdominal sympathectomy, including the 
semilunar ganglia. 

The animals in all the following experiments were not used until at least 


1 National Research Fellow in the Biological Sciences. 
2? Workman Fellow in Physiology, Harvard Medical School. 
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two weeks after the last major operation and in most cases a much longer 
wait occurred. This insured the animals being in healthy condition. 
Since the heart rate was recorded by means of a tambour placed on the 
outside of the chest, no anesthetic was necessary. 

In order to check the cardiac, adrenal and hepatic denervation, the basal 
heart rate was first taken while the cat was resting on the lap of one of the 
observers. The animal was then placed on a comfortable holder and the 
slowest rate again determined. At this point the animal was allowed to 
struggle vigorously for one minute, the subsequent changes in heart rate 
being recorded on a kymograph by means of a tambour placed over the 
heart. The absence of any marked increase in rate showed that the de- 
nervation had been successful and that there were no nervous connections 
to the heart, nor any rapidly discharging endocrine gland affecting the 
heart rate. In a few animals increases of about twenty beats developed 
gradually four or five minutes after very vigorous struggles. 

The animals shown by struggle to have no marked or rapid changes in 
heart rate were placed on the holder and the quiet rate taken for 15 seconds; 
then, with the kymograph still recording, the aorta just below the di- 
aphragm was compressed with the side of the hand for about 10 seconds 
and thereafter the heart rate followed forsome time. The record shown in 
figure 1 shows that immediately on release of pressure, the heart rate is 
slower than the basal rate, but soon begins to increase rapidly. In 60 to 
90 seconds it reaches a peak which in some cases was double the basal rate. 
Table 1 lists the positive reactions induced by compression of the aorta. 
It must be borne in mind that these, to all external appearances, were 
normal animals, and that the operations had been done under ether 
anesthesia and with aseptic technique, two weeks or more before the ex- 
periments were performed. 

If the aorta was compressed in the middle or lower abdomen, the rise in 
heart rate was small compared to that occurring after compressing the 
upper abdomen. Table 1 shows the increments from the basal rate. Ina 
few of the cases rises as high as 20 beats occurred, which can be accounted 
for as a result of the struggle involved in animals possibly not completely 
denervated. 

In a number of observations the adrenal was pressed with the fingers to 
see whether the stimulation was mechanical rather than asphyxial. In 
none of these was the increment more than 10 beats. 

The final and conclusive check was the removal of the medulla from the 
animal’s remaining adrenal. This can be done successfully by a method 
previously described (11). Although no histological check by serial 
section was made in these cases, gross examination after fixing in bichro- 
mate-formalin showed that no, or very little, chromoffine tissue remained. 
Repeated attempts at compression of the aorta in the upper abdomen failed 
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to evoke the characteristic response of adrenal discharge after asphyxia. 
The increments in the heart rate, if any, were slight and gradual, as shown 
in figure 1. 

In the light of so many negative control reactions, the positive results 
secured on compressicn of the aorta in the upper abdomen, with only one 


TABLE 1 
Effect on the rate of the denervated heart of asphyxiating the denervated adrenal medulla 


ADRENAL MEDULLA PRESENT, BUT DENERVATED ADRENAL DEMEDULLATED 


Compression cf sorta} Compression of aorta | Compression of aorta in upper 
in upperabdomen | in lower abdomen abdomen 
ANIMAL | | | 


Ti i Increase 
se 2 
ime to | Increase in ime to ia heart Time to 


peak of heart rate peak of | rate (per peak of 
increase | (per increase minute) increase 


Increase 
in heart 
rate (per 
| minute) 


minutes | minutes minutes 
| 


118 3/11/27 20 13 
14 1 


3/ 3/27 3/10/27 | 10 3 
3/ 4/27 3 
3/ 8/27 3/11/27 6 


3/ 4/27 3/ 8/27 
3/ 5/27 
3/ 9/27 


301 | 10/28/27} 42 
| 
Average.......... 57 | 1 | 11 


* Pressure around adrenal with the fingers. Not included in average. 


adrenal present and it denervated, must be given special weight; partic- 
ularly if we bear in mind the mechanical difficulties of compression, when 


the animal is not thin. 
These experiments show quite definitely that the adrenal in the absence 
of central connections responds directly to severe asphyxia. Kellaway (7) 
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36 3/ 8 27 | | 
| See | 
| 113 | 
265 
| 
| | 
| | 
| | 
279 | 4/9/27 34 1 
| 
281 | va 54 1 22 3 | 
| 5/ 26 1 10 
| 
| | 
5/ 9/27 | 0 2 
287 | 5/ 9/27 | | | | 
| $/10/27 28 1 12 | 1 | 
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has shown that the asphyxial discharge of adrenin is due to anoxemia and 
not to increased carbon dioxide. Neuman (8) has shown that the adrenal 
utilizes a great deal of oxygen, 0.045 cc. per gram per minute, so that an 
asphyxial condition might well occur after ten seconds’ compression. 


SUMMARY 


Asphyxia of the denervated adrenal, induced by compression of the 
aorta near the diaphragm for ten seconds, causes a discharge of adrenin. 
The presence of excess adrenin is shown by a large increase in the rate of the 
denervated heart in the surviving animal. Demedullation of the adrenal 
prevents the increase in heart rate after asphyxia. We conclude, therefore, 
that the denervated adrenal medulla can still respond to asphyxial 
stimulation. 
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A NEW METHOD OF GRAPHIC REPRESENTATIONS OF THE 
MOTOR ACTIVITY OF THE EMPTY STOMACH IN 
INTACT ANIMALS 


R. D. TEMPLETON 
From the Physiological Laboratory of the University of Chicago 


Received for publication May 5, 1928 


This work was conducted primarily in search of a method for recording 
stomach motility by which the two most obvious objections to the balloon 
method might be overcome. An attempt was made to a, eliminate, or 
reduce to a minimum, the possibility of mechanically stimulating the mu- 
cosa on the stomach wall; and 6, know at all times the position in the 
stomach from which the activity is being transmitted without the use of 
x-ray. 

Metuop. A small rubber nipple, such as used in infant feeding, was 
cut off at the small end and fitted over a glass tube which in turn was con- 
nected by a rubber tube to a manometer. The nipple at its free end was 
then folded and tied with a string in such a manner that, when inserted 
into the stomach fistula, the string could be untied easily and thus release 
the nipple, which on unfolding would fit tightly in the lumen of the fistula. 

As a control for this method, records of the activity of the empty stomach 
were made simultaneously by the balloon and nipple methods; this was 
accomplished by the arrangement shown in figure 1. The tube which is 
attached to the balloon passes through the nipple and the straight arm of 
the T tube to a manometer. The nipple is in direct communication with 
the other arm of the T tube which is connected to another manometer. 

For the sake of convenience the fistula prepared for use in the study of 
the nipple method was made a little larger than it is usually made when the 
balloon method is to be used. 

Resutts. The tracings made by the nipple method show 1, a steady rise 
in stomach pressure during the period of gastric quiescence; and 2, a 
gradual fall in pressure during the periods of strong hunger contractions. 
These conditions exist whether or not an inflated balloon is in the stomach 
at the time the nipple tracing is being taken (fig. 2). 

Duying periods of quiescence the intragastric pressure may rise 0.7 to 
2.0 cm. water pressure before the onset of typical hunger contractions. At 
the conclusion of a hunger period the stomach pressure sometimes regis- 
ters 0.5 to 1.0 cm. negative water pressure. Instances of negative pressure 
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during a hunger period, following an individual group of contractions, 
have been recorded to the extent of 2.0 cm. of water (fig. 3). Other trac- 
ings may show very little or no negative pressure during or at the close of 
a hunger period. 

DiscussION. Intragastric pressure rhythms recorded by this method 
must be the resultant of the activity of the stomach as a whole. To ex- 
plain the change in pressure as shown by the empty stomach in the course 
of an hour or more one must choose the more probable of two possibilities 
or weigh the evidence for the influence of each, since both may have some 
influence. 1. The stomach musculature may develop increased tone dur- 
ing quiescence and become more relaxed at the end of vigorous contrac- 
tions. 2. The continuous secretion of gastric juice during the quiescent 
period, and its subsequent ejection into the duodenum during vigorous 
contractions may be a factor. The first of these possibilities can only be 


Fig. 1. An apparatus for simultaneously recording nipple and balloon tracings of 
the motor activity of the stomach in intact animals. A = nipple; B = balloon; 
C = glass T tube; D = rubber tube; E = rubber connection between C and D; F = 
to a manometer; G = to a manometer. 


studied under abnormal conditions, either by the use of x-ray, or by direct 
observation when, of course, an anesthetic must be used. 

That there is probably more material in the stomach just before a hunger 
period than there is immediately following such a period is indicated on 
the tracings by the stair step fall in pressure during a hunger period. Thus 
one is led to infer that the stomach is being emptied of its contents follow- 
ing each period of three to five contractions. If this inference is correct, 
the pyloric sphincter must be closed during the quiescent period. 

If the pyloric sphincter is open during motor quiescence of the empty 
stomach, the nipple is necessarily in communication with the whole of the 
gastro-intestinal tract except for the cardiac sphincter above and the feces 
below. Under this condition the increased intragastric pressure must be 
due to the tonicity of the gastric musculature. 

Wheelon and Thomas (1920) described two types of motility of the py- 
loric sphincter; a, rhythmic contractions, and b, tone waves. Their obser- 
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vations were made on full and recently emptied stomachs. The rhythmic 
activity was seen to be characterized by contractions and relaxations, each 
usually followed by a pause. These contractions occurred at the rate of 
three to five per minute. 

This activity may be a factor permitting the emptying of the stomach 
during the hunger periods, but probably does not occur during gastric 
motor quiescence. 

Tetelbaum, on twenty pathological human subjects, was not able to 
record contractions in the fundus except in cases of pyloric stenosis or 
during extra strong contractions in the pars media and pars pylorica. In 
the cases of pyloric stenosis he thinks the pressure of the balloon on the 
fundus is sufficient to stimulate peristaltic activity. When strong contrac- 
tions in the pars media and pars pylorica have been initiated he thinks the 
balloon in the fundus is acted upon by pressure referred from the pyloric 
region. 

The fact that the nipple is in direct communication with the stomachas 
a whole prevents our knowing where the contractions are actually taking 
place, but our records show that the contractions can be recorded from a 
site in the fundus without a pathological pylorus or a mechanically stimu- 
lated pars media or pars pylorica. 

The tracings taken simultaneously by the balloon and nipple methods 
afford an accurate check as to the efficacy of the nipple method. This 


procedure, however, cannot be used to compare the two methods since 
the balloon is not free to be moved about by the stomach contractions as 
when the usual technique is followed. Since, as shown in figure 2, the 
nipple record obtained from this combination is of practically the same 
character as some of those obtained when no balloon was present we are 
justified in concluding that the balloon, if held in one position in the stom- 
ach, is not necessarily a source of error, due to mechanical stimulation. 


SUMMARY 


1. The nipple method of recording stomach activity confines the mechan- 
ical stimulation to the site of the fistula. 

2. This method avoids the recording on one tracing of local activities 
from different parts of the stomach due to the shifting of the balloon. 

3. Since the site of the fistula is permanent in position the site of recep- 
tion of gastric motility is constant throughout a chronic experiment. 
From day to day the nipple can be placed in exactly the same part of the 
stomach. 

4. The slow but steady increage in stomach pressure during quiescence 
may be due to, 1, the continuous secretion of gastric juice, or 2, increased 
tonus of the gastric musculature. 
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5. During hunger contractions the fluid content of the stomach is prob- 
ably passed into the duodenum. 

6. The pyloric sphincter is probably not in rhythmic contractions and 
relaxations during the quiescent periods of the empty stomach. 

7. The balloon properly placed and held in the fundus of the stomach 
is not a stimulation to gastric contractions. 


The author is indebted to Dr. A. J. Carlson under whose direction this 
work was conducted. 
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RIOR LOBE ON THE COURSE OF PREGNANCY IN THE 
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A lengthened period of gestation in the rat, following daily administra- 
tion of the extract of the bovine anterior lobe prepared by Evans’ method, 
has been reported by Teel, 1926. The use of the Evans’ extract causes a 
cessation of ovulation, all large and medium sized follicles being changed 
to corpora lutea. The lengthened period of gestation may be, as suggested 
by Teel, due to the formation of functional corpora lutea subsequent to 
those formed after the last ovulation. 

The results of Smith (1926, 1927), Smith and Engle (1927) and Engle 
(1927, 1928), obtained by making daily transplants of the fresh anterior 
lobe of rodents and other small mammals, and the effect reported by Zon- 
dek and Aschheim (1927 a, b, 1928) after a single transplant of the fresh 
human and bovine anterior lobes, are distinctly different from those ob- 
tained by the use of the Evans extract. 

By Smith’s method of transplantation of the fresh substance, in which 
the residual hormone of each living gland is thought to be delivered un- 
changed to the experimental animal, striking ovarian changes are brought 
about. These changes have been described in detail (Smith and Engle, 
1927), and it is necessary to emphasize only a single point in connection 
with this study. 

The daily transplantation of the fresh anterior lobe into an adult non- 
pregnant female rat or mouse results in the development of an excessive 
number of follicles, usually followed by ovulation within 48 hours after 
the first treatment (Engle, 1927). The corpora lutea resulting from this 
ovulation are the only ones formed in the rat during the course of the 
treatment, subsequent follicles becoming cystic, each cyst being many 
times the normal follicular volume. It is possible that in the mouse some 
follicles are replaced by corpora lutea during long periods of treatment, 
although this has not been determined. 

Since the gonad-stimulating hormone of the anterior lobe seems not to 
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TABLE 1 


Effect of daily transplants of anterior lobe on the course of pregnancy in the « 


EXPERIMENT BEGUN | EXPERIMENT TERMINATED 


Weight at 


Remarks 


Tissue used | 


mating 
nancy 


rat 
Day of preg- 


23 | 
Zz 


Number of 
| Day of preg- 


| 
| 20th; Abortion. 54 gms. loss wt. 1 day blood 


o 


smear. 17 days to oestrus 

| 21st] Litter 10, normal. Weaned 22nd day 
Mated 9 days later; normal litter 

20th} Autopsy. Dead macerated litter 

22nd | Litter 8. Autopsy 

| 22nd | Litter 8 

20th | Abortion; heavy hemorrhage 

| 22nd} Autopsy; dead fetuses in uterus 

19th} Autopsy; dead macerated fetuses 

19th} Autopsy; dead macerated fetuses in uterus 
19th} Abortion. Autopsy; 11 implantation 
sites 

22nd| Treatment stopped 19th day with appear- 
ance of blood in vagina. Normal litter 
| 22nd day 

22nd} 13 young born 22nd day after two days 
excessive hemorrhage 

22nd | Litter; 5 living, 5 still born 

18th} Resorption: heavy hemorrhage 
Hemorrhage after 7th day, heavy for 14 
days. Next oestrus 16 days from last 
treatment 

Rab. brain Litter 7 

1 rat. ant. Heavy hemorrhage after 3 treatments 
continued slight 9 days. Next oestrus 
20 days 

Rab. brain | 2% | Litter 8. 1 still born 

Rab. brain | 2: | Litter 7; all living 

} rab. ant. | Treatment stopped; autopsied 10th day 
No pregnancy 

3 rab. ant. | Mixed smear; no pregnancy 

| Rab. brain Litter 7; all living 

| 1 rat ant. | Autopsy. No pregnancy; no hemor- 
rhage. Mixed smear 

+ rab. ant. | Mixed smear; no pregnancy 

3 rab. ant. | Mixed smear; bloody discharge on &th to 
10th day. Next oestrus 24 days after 
mating 
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rat 
m 255/17th| 3|1rat ant. 
| | | 
7 | 218/17th| 4 
| 
10 | 222| 17th | 
13 | 17th| 
16 | 204| 17th | 
30 | 268) 16th} 
19 | 202 16th | 
20 | 16th | 
22 | 212} 15th | 
24 | 200} 15th| 
| 
| || 
28 | 308 | 7 
} 
| 
14 | 232| 13th} 8 
23 | 13th| 5 
50 | 218] 13th] 9 
| 
11 | 170| 13th| 8 
15 | 196 | llth| 6 
| 
10 | 204| 11th} 11 
4 | 232) 5th| 17 
1 | 172] 4 
3 | 206; 4th] 8 
17 | 178| 1st | 21 
2 | 210 | ist | 10 
| 
4/210; Ist) 5 
6 | 172] 1st| 12 
| 
| 
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TABLE 2 


Effect of daily transplants of anterior lobe on the course of pregnancy in the adult mouse 


EXPERIMENT BEGUN EXPERIMENT TERMINATED 


Tissue used Remarks 


= 


mating 
Day of preg- 
nancy 


Number of 
mouse 
Weight at 


M.* ant. | 19th| Litter 5; normal 
M. ant. | 19th} Litter 3; normal 
M. ant. | 19th} Litter 6; normal 
M. ant. | 19th| Litter 4; normal 
M. ant. | 19th| Litter 6; normal 
M. ant. | 19th| Litter 3; normal 
M. ant. | 19th} Heavy yellow discharge. Autopsy: 5 
young, term size macerated 
2M. ant. | 19th} Litter 8; normal 

M. ant. | 19th} Bloody discharge 20th day. Autopsy: 
8 young, partly macerated 
M. ant. | 20th} Aborted 3; partly macerated 

ant. | 19th| Heavy discharge 20th day. Autopsy 

22ndday. 5young, termsize, macerated 
ant. | 16th| Aborted 10 fetuses 
ant. | 16th} Aborted 9 fetuses 
ant. | 19th} Litter 12; normal 
ant. | 19th} Litter 9; normal 
ant. | 18th} Litter 4; 2 still born, not macerated 
ant. | 19th| Litter 5; normal 
ant. | 19th} Litter 4; normal 
ant. | 18th! Bloody discharge; aborted 3 
ant. | 15th| Bloody discharge 19th, 20th days. Abor- 
ted on 22nd day 
6th . ant. | 14th} Hemorrhage 14th to 18th day. Resorp- 
tion. 8 days to oestrus 
6th M. ant. | 20th} RBC 10th to 13th days; hemorrhage 
14th day. Resorption 
6th M. spleen} 19th} Litter 3; normal 
6th M. brain | 19th} Litter 7; normal 
5th M. ant. | 12th} Autopsy 20th day. Remains of 4 young, 
macerated 
4th ant. | 17th} Hemorrhage 16th to 19th days. 17 days 
to oestrus 
4th} 1: ant. | 17th} Bloody discharge 17th day. 14 days to 
oestrus 
4th | }1 M. ant. 5th} Cornified smear 5th day 
4th} 1: M. ant. | 15th} Autopsy; 2 fetuses dead; 2 implantation 
sites 
12 }1M. ant. | 15th} Hemorrhage. Autopsy 16th day. Re- 
sorption 


or 
ag 


or 


“I or or 


or 


13th 
13th 
13th 
13th 
12th 
12th 
12th 
12th 


or w @ 


© 


tt 


| 
| 
gm, | | 
618 26 
621 | 24 | 
547 | 27 | 
20 | 
609| 22 | 
20 
622 21 
640 | 21 
24 
- 561 | 21 
563 | 20 
562 | 
588 | 
582 
589 
591 | 
642 | 
517 | 20 
607 | 20 
543 | 17.5) 
552 | 22 
23 
559/ 18 
18 
584| 25 
590 | 21 
23 | 
* Mouse. 
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TABLE 2— Concluded 


EXPERIMENT BEGUN EXPERIMENT TERMINATED 


Number of 


atments 


Tissue used Remarks 


mating 


Day of preg- 
nancy 


Number of 
mouse 
Weight at 


Autopsy; 2 fetuses partly resorbed 

| Autopsy 21st day. No pregnancy 

Cornified smear 2nd day 

Cornified smear 3rd day 

| Cornified smear 3rd day 

Autopsy 5th day. No pregnancy 

Heavy bloody discharge 18th to 20th days. 
cornified smear 21st day 

Autopsy 6th day. No pregnancy 

No pregnancy 

No pregnancy 

. ant. No pregnancy 

. spleen Litter 4; normal 

. brain Litter 6; normal 

M. brain Litter 8; normal 

20.5) Ist M. kidney Litter 7; normal 


¢ Cavia. 


be present in the extract of the bovine gland used by Teel, although it is 
present in fresh bovine anterior lobe (Zondek and Aschheim), we have 
given daily homotransplants of the fresh anterior lobe to rats and mice 
at various stages of pregnancy, and have used the same technique in 
administering fragments of other organs as controls. 

All animals in the colony have received a balanced ration, including 
fresh lettuce two or three times a week. We have been especially careful 
to guard against any deficiency of vitamin E in this experiment. Several 
of the animals were first given control transplants and delivered normal 
litters before being subjected to treatment with the anterior lobe. Those 
experimental animals which were not autopsied were mated and in every 
case have delivered normal litters subsequent to the experimental treat- 
ment. 

Control transplantations: Small fragments of brain, spleen and kidney, of 
sufficient volume to be comparable to the fresh anterior lobe, have been 
used for control transplants. No effect on the course of pregnancy was 
observed from these transplants, even though five of them were continued 
from the day of mating to normal delivery (tables 1 and 2). In one case 
(no. 10, table 1), a single posterior lobe of the rat was given daily for ten 
days. The animal delivered a litter of five living and five stillborn at term. 
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542 | 
. 586 | 
591 | 
580 | 
581 | 
611 
613 
589 | 
578 | 
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Pituitary transplantations: Twenty-five adult rats with normal cycles, 
most of which had previously borne litters, were used to determine the 
effect of the gonad-stimulating hormone of the anterior lobe on the course 
of pregnancy. In all cases the posterior lobe was removed, and the an- 
terior lobe only was implanted. Treatment was begun in one group on 
the 15th to 17th days of pregnancy; in another on the 11th to 13th days, 
and in the third, on the Ist to 4th days. In no animal did the period of 
gestation extend beyond the normal maximum time of 22 days. 

Forty-five adult mice, both nulliparae and multiparae (table 2), were 
used as experimental and control animals, the latter receiving injections 
of spleen, brain or kidney. The animals were divided into three main 
groups; those in which transplants were started on the Ist day after in- 
semination (fourteen mice), another beginning with the 4th to 6th days 
{eleven mice), and the third in which transplantations were begun from 
the 12th to the 15 days of pregnancy (twenty mice). 

In none of the animals which received anterior lobe transplantations 
beginning the first day after insemination were normal pregnancies ob- 
tained, while in four control animals which were given daily injections of 
other tissues an uneventful pregnancy and a normal litter resulted in each 
case. 

Pregnancy was interrupted in every case in those animals receiving 
daily anterior lobe transplants beginning on the 4th to the 6th days after 
insemination. They all showed the placental sign at the usual time, 9th 
to 12th day; the weight increased normally until about the 14th day, 
after which it either remained the same or dropped suddenly. Beginning 
on the 14th to 17th days, there was a heavy hemorrhagic discharge lasting 
several days, followed as a rule by resorption of the fetus. A microscopic 
examination of the ovary, tube and uterus of the autopsied animals was 
made. It was found that the lumen of the uterus was filled with blood, 
that there was an active proliferation of the cells in the epithelium, and 
that ovulation had occurred. These results are discussed at greater 
length below. 

Three animals of this group were used as controls; two of them receiv- 
ing daily spleen and brain transplants respectively beginning on the 6th 
day after insemination, the third beginning on the 4th day. The first 
two animals delivered normal litters at term; the third was autopsied on 
the 20th day, and showed two partly resorbed fetuses in utero. As this 
was the only mouse of the controls which did not have a normal pregnancy, 
it is unlikely that the resorption in this case was due to the treatment. 

The remaining twenty animals belonged to the third group, in which 
transplantations were started from the 12th to the 15th days. We car- 
ried no controls for this particular group, since those animals which had 
received daily control treatments throughout the course of pregnancy 
would also serve as controls for this group. 
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The mice in the first two groups all received approximately the same 
amount of anterior lobe substance; either one mouse anterior lobe, or one- 
half rat or cavia anterior lobe. In the last group we used either one mouse 
anterior lobe or double that amount. Our results with this group taken 
late in pregnancy differed from the others in that the pregnancy was inter- 
rupted in only 40 per cent of the cases (8 mice). All the litters that were 
born were normal, the young varying from 0.8 gram to 1.5 grams, and 
averaging 5.7 in number. 

Of the 12 rats on which treatment was begun on the 15th, 16th or 17th 
days of pregnancy, eight aborted and four delivered normal litters. In 
three of these animals which produced viable litters, treatment was begun 
onthe 17thday. One350 gram multiparous rat received 7 daily transplants 
and delivered a normal litter of 13 on the 22nd day. A heavy bloody dis- 
charge during the last two days of pregnancy indicated a considerable 
weakening of the utero-placental attachment. 

The reaction to treatment is similar in both rats and mice, pregnancy 
being interrupted with difficulty in the latter third of the period. When 
treatments are instituted in the rat on the 11th or 13 days, a loosening of 
the utero-placental attachment is indicated by an extremely heavy dis- 
charge of blood from the vagina after the third day of treatment, followed 
by a decline in the weight of the animal as the fetuses are resorbed. 

There are no criteria for the determination of pregnancy in the living 
animal before the appearance of the placental sign on the 12th to 14th days. 
The results of anterior lobe treatment in the first days after insemination 
are therefore not conclusive, although four out of five animals mated 
would normally produce litters (Evans, Parkes). All control animals 
which received intra-muscular transplants of fragments of kidney, spleen 
or brain, from the first day, delivered normal litters at term. Of the five 
rats and ten mice which received anterior lobe from the first day, not one 
showed any sign of pregnancy, and the assumption is made that in the 
earlier stages the ova were not implanted or if implanted, were resorbed 
before the placenta was fully developed. In one case the ova had prob- 
ably imbedded in the mucosa, since a hemorrhage of three days duration 
occurred beginning on the 8th day and which was evidently due to pla- 
cental dysjunction and resorption of the fetus. In ten mice and five rats 
(tables 1 and 2) daily injections were begun on the 4th, 5th or 6th days 
after insemination. In some cases implantations were prevented. In 
others a later persistent hemorrhage attested that placental dysjunction 
and fetal resorption occurred. 

Certain animals in each group were autopsied after the appearance of 
abortion or resorption signs, while others were observed through subse- 
quent cycles and pregnancies. The uteri and ovaries of the animals which 
were autopsied have been studied microscopically. In a few of these 
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enimals, a large number of medium and large follicles were present in the 
ovaries; in the rats, many of these follicles were cystic. In others, both 
mice and rats, recent corpora lutea and tubal ova were found. The signifi- 
cance of such an ovulation, several days before normal term, is discussed 
below. The uteri of several animals contained badly macerated fetuses 
in various stages of resorption. The endometrium opposite the site of 
placental attachment showed a typical high columnar epithelium, with 
proliferation of the uterine glands, and also characterized by the modifica- 
tion, or absence of, decidual cells. At the site of placental attachment 
the decidual cells were vacuolated and the area invaded by fibroblasts. 
On the borders of this area, uterine glands could be seen. In animals 
which were autopsied at the first sign of heavy hemorrhage, the uterine 
lumen was filled with blood, and the trophoblastic chorion had either disap- 
peared or was entirely separated from the wall of the gland in which it 
was implanted. 

Discussion. The daily transplantation of the anterior lobe causes 
the development of an excessive number of follicles in the ovary of the 
mouse and rat, in the latter animal many of the follicles being cystic after 
prolonged treatment or massive dosage. Since Allen found a potent 
hormone in cystic follicles of the human ovary, one should also expect it to 
be present in these simple follicular cysts. 

The action of the anterior lobe of the pituitary during pregnancy is 
indirect, being due to the stimulation of the ovarian follicle which releases 
a continuous supply of follicular hormone. Several investigators have 
recently discussed the effects of injection of follicular hormone during 
pregnancy. Parkes and Bellerby (1926), Miss Smith (1926), have shown 
that if the follicular hormone is administered in the early stages of preg- 
nancy, implantation fails, or an early resorption occurs. In later stages 
the pregnancy is interrupted, if at all, only with relatively large doses. 
Allen (1924) and Brouha and Simonnet (1925) report negative results 
with moderate doses. 

Parkes and Bellerby suggest two possibilities for the mechanism of the 
upset of pregnancy with the follicular hormone. They are inclined to 
regard the large number of resorptions occurring as being due to inhibition 
or over-ruling of the action of the corpus luteum, but also suggest the 
possibility of a ‘local disturbance of the uterus consequent upon the effort 
to assume an oestrus condition.” 

Owing to the fact that the indirect action of the anterior pituitary is to 
bring on oestrus through the increased follicular stimulation, and that our 
microscopic studies of the uterus indicate an oestral condition of the uterine 
epithelium, further indicated by ovulation, we feel this to be the factor 
involved. 

Zondek and Aschheim (1928) report “Ovulation in der Graviditat.” 
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Their data consist of three mice, each of which received a single, relatively 
massive dose of fresh anterior lobe. Although the day of gestation on 
which the transplant was made is not stated, it is assumed that it was late 
in the gestation period. At autopsy the fetuses of the first animal were 
stated to be living, and five ova were found in one tube. In the second 
and third animals it is not stated that the fetuses were alive, though it is 
observed that the placentae were attached. In the second animal two 
ova were found in one tube, and in the third animal four ova were found 
in one tube and two in the other. 

Our data differ somewhat in that with a dozen mice and rats we have 
found from 18 to 29 ova in each tube following the daily transplants of 
anterior lobe. In all of our experiments, however, the fetuses were dead 
before ovulation occurred. In our animals ovulation did not occur dur- 
ing pregnancy, because in every case the pregnancy had been terminated 
prematurely by the action of the ovarian hormone, superovulation being 
the result of the rapid growth and maturation of a large number of follicles. 
The treatment merely advanced the normal condition of ovulation follow- 
ing parturition by three or four days. 

We have seen no correlation between the number of corpora lutea and 
the length or strength of treatment required to produce abortion. The 
lack of uniformity in terminating pregnancy in the latter stages appears to 
be due only to an insufficient quantity of hormone transmitted by the 
fresh transplants. 

SUMMARY 


Daily transplantation of the fresh anterior lobe to mice or rats in the 
first third of pregnancy prevents implantation of the ova or leads to their 
early resorption. 

If treatment is begun during the middle third of the period of gestation 
resorption or expulsion of the fetus takes place. 

Pregnancy is interrupted less often when treatment is begun in the 
latter third of pregnancy. Many normal litters are born at term in this 
series. It is thought that abortion or resorption would occur in every case 
were a sufficiently large amount of hormone introduced. 

The gonad-stimulating hormone of the anterior pituitary, introduced 
by the fresh transplant method, results in the production of a large number 
of ovarian follicles. The ovarian hormone thus produced causes a pro- 
liferation of the uterine mucosa, bringing about a condition similar to that 
in normal oestrus. Pregnancy appears to be incompatible with these 
conditions. 

Many tubal ova were found in those cases which were studied micro- 
scopically after abortion had occurred. Ovulation did not occur during 
pregnancy, but followed its termination. 
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This study was undertaken to test the effects of large doses of nicotine 
and caffeine on the growth of young chickens. In an examination of the 
literature, no similar studies could be found. The normal growth of 
chickens, however, has been studied (1), (2). 

Experimental procedure. On July 21, 1926, twenty-five white Leghorn 
chicks about thirty-six hours old were obtained and kept under treatment 
for ninety days. In order to check the results found, thirty-six additional 
chickens were secured February 24, 1927, and treated in the same way as 
the first lot. 

The chicks were placed in pens containing an electric brooder in a south 
laboratory where they could have direct sunlight and care was taken to 
have them properly nourished, their food consisting of chick feed, sup- 
plemented with meat scraps, green grass, lettuce and cabbage. 

Ten of the first group were given alkaloidal nicotine in water solution 
daily, ten a solution of caffeine, while the remaining five were given an 
equal amount of water in the same way. A small pipette served as the 
measure of the quantity used and also as the means of administering the 
drugs and the water. The end of the pipette was inserted well down into 
the esophagus and the contents released into the bird’s crop. Treatments 
were given daily, usually in the morning before feeding. Each bird was 
weighed daily and daily records of dosage, expressed as units per kilogram 
of body weight, were kept. 

The dosage of nicotine given at first was determined by the amount a 
chick could take without being thrown into spasms which resulted in 
death. The initial dosage was 0.5 cc. of a 0.1 per cent solution or 0.012 
gram per kilo of body weight. This was increased at 9 days to 1 cc. of the 
same solution. From the age of 24 to 60 days a 0.2 per cent solution was 
given, first 1 cc., then 2 ce. at 31 days; 3 cc. at 36 days and 5 ce. at 42 
days. At 60 days the dosage was changed to 1 cc. of a 2 per cent solution. 
The second line was given the same initial dose as the first. The 0.1 per 
cent solution was used for the first 3 weeks, 1 cc. at 8 days, 2 cc. at 16 and 
3 ec. at 21 days. From the 22nd to 32nd day a 0.2 per cent solution was 
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used, first 3 cc. then at 26 days4cc. From the 33rd day to the end of the 
experiment a 0.5 per cent solution was used—at first 1 cc. then 2 ce. at 46 
days; 3 cc. at 61 days and 4 cc. at 65 days. The dosages varied from 0.009 
to 0.57 gram per kilo of body weight. 

It was more difficult to determine the dosage for the caffeine lines. 
The general appearance, lessened activity, marked slowing down in weight 
increase and death in a few cases were criteria for determining the strength 
of dosage. At the beginning of the experiment 0.5 cc. of a 1 per cent 


TABLE 1 
Average weight in grams every 15 days 


CONTROLS NICOTINE CAFFEINE 


| 
| 


First line | Second line First line | Second line | First line Second line 
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solution of caffeine citrate was given. This represented a per kilogram 
dosage of 0.119 gram. The later dosages were 0.75 cc. on the seventh day; 
1 cc. on the tenth and 2 ce. on the forty-fourth day. These dosages rep- 
resent 0.102, 0.150, 0.094 gram per kilogram of body weight respectively. 
On the 78th day 3 cc. of a 2 per cent solution of caffeine citrate was ad- 
ministered giving a dosage of 0.106 gram per kilo of body weight. On the 
86th day this dosage was reduced to 2 cc. of the 2 per cent solution. 
The second line of chicks were given larger doses of caffeine, viz., 3 cc. 


chicks..... 


Males 
0 43.0 | | 41.0 | 41.0 
15 115.5 | | 74.9 | 644 
30 219.4 133.5 | 140.5 
45 349.0 | 241.1 | 278.8 
60 611.0 | 382.5 | 351.1 
75 802.5 | 615.0 | 492.3 
90 909.9 | | 300.7 | 
Number of | | | 
chicks.....| 5 | 5 | & | 
0 a7 | 4.7 | 442 | 40 | 3832 | 50.0 
15 121.5 | 66.8 | 119.7 | 73.6 | 73.3 | 69.5 
30 217.7 | 171.3 | 228.0 | 173.6 | 1144 | 152.1 
> jr or € | € 
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of a 1 per cent solution on the 23rd day, 3 cc. on the 47th day and 5 ce. on 
the 6lst day. This last dosage, however, was decreased to 4.5 cc. or 0.191 
gram per kilo on the 64th day. 

In the earlier part of the work fatalities occurred, a few from over 
dosage, and others by the penetration of the liquid into the lungs due to 
failure to insert the pipette sufficiently far. In the nicotine group this 
accident resulted in immediate death, while in the caffeine line there 
developed a fatal bronchial disturbance similar to a cold. The original 
group was, therefore, reduced to six in the nicotine and five in the caffeine 
line. In the second group there were five in each line. These chicks were 


Grams Grams 
900 
Control 
840 
ae Ficotine lines 
780 


Caffeine lines 


Fifteen day periods 
1 2 3 4 


5 6 0 1 2 3 4 5 6 


Fig.1. Averaged weights of both groups of chickens 


able to take larger doses of both drugs than the first lot; this may have been 
due to the greater vigor of spring chicks in comparison with those hatched 
in summer. 

Resvutts. The effect of nicotine seemed transitory. Often there were 
no symptoms, while at other times the birds would be thrown into muscular 
spasms which passed off within a few minutes, provided the chick had not 
been given a fatal dose. As to growth, the control and nicotine lines closely 
parallelled each other, sometimes one being ahead and then the other. 
Towards the end of the study the control groups were slightly ahead but 
not in any marked degree as graph 1 shows. The results were similar in 
both lines of experimental chicks, as may be seen in table 1. 


720 / 
660 / 660 
600 Males / 7 600 Females fo 
4g0 480 
420 / 420 / 
360 360 Ff 
300 300 
180 4 180 
Y if 120 
60 60 
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Large doses of caffeine produced no immediate toxic symptoms as with 
nicotine. Inactivity, slight loss of appetite, and abstinence from water, 
however, were observed when doses sufficient to inhibit growth were being 
administered. In both of the caffeine lines growth was markedly retarded 
as compared to that of the controls. 


SUMMARY 


1. Nicotine in large doses administered daily into the crops of growing 
white Leghorn chicks had no measurable deleterious influence on growth. 

2. Caffeine markedly retarded the growth of our chicks. 

3. These results were corroborated in a second set of experiments. 


I am indebted to Dr. L. B. Nice for suggesting the problem and for 
criticism throughout the course of the work. 
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Luckhardt and Rosenbloom (1922), Dragstedt and Peacock (1923) and 
Luckhardt and Goldberg (1923) discovered methods of preventing and 
controlling the occurrence of tetany and death following removal of the 
parathyroid glands. They believed their results were best explained by 
assuming that the parathyroids normally detoxicate toxic substances 
absorbed from and produced in the intestine by the action of proteolytic 
bacteria. Since the greater portion of bacterial proteolytic activity occurs 
in the colon, we argued that removal of this organ should have a definite 
effect on the incidence of parathyroid tetany, if the above mentioned 
assumption were a fact. 

Metuops. We ran three series of dogs, the first two comprising ten 
dogs each, and the third, two dogs. In our first series (series A), we 
removed the colon first, and after waiting until the animal was fully 
recovered, usually about a week, we removed the parathyroids. In our 
second series (series B), we removed the parathyroids first, and upon 
development of tetany, removed the colon. In our third series (series C), 
we removed the parathyroids and colon at one operation and observed 
the clinical course. 

We found the following technique to be most efficacious in our colec- 
tomies. An incision about three inches in length was made in the right 
upper quadrant and the cecum delivered through the opening. The gut 
was divided about four inches proximal to the ileo-cecal valve. The 
colon was then pulled out little by little and its blood supply ligated and 
divided, until no more of it could be delivered through the initial incision. 
A second incision was then made just above the pubis in the left lower 
quadrant and the colon delivered from the first incision through the 
second, by hooking the finger under the rectum, and pulling it through. 
The rectum was then divided as near as possible to the anus, generally 
about an inch, and its stump sewed up so as to make a blind pouch of its 


1 Preliminary Report, This Journal, 1926, Ixxix, 226. 
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of contamination of the wounds. 
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The second incision was then closed, and an ileostomy made 
through the first, female dogs being used because of the lesser likelihood 


At both places at which the gut was 


divided, the cut, soiled edges were immediately treated with phenol, 


which was then neutralized with ethyl alcohol. 


important part of the asepsis of the operation. 


The diet during the entire course of the experiment was meat. 


This, we believe to be an 


It is 


understood that removal of the parathyroid tissue in dogs involves the 


removal of the thyroid gland at the same time. 


TABLE 1 


In all parathyroidec- 


Showing the effect of colectomy prior to parathyroidectomy on the course of tetany in 
female dogs on a meat diet 


NUMBER 
or 
ANIMAL 


INTERVAL 
BETWEEN 
COLECTOMY 
AND PARATHY- 
ROIDECTOMY 


days 
2 


21 
7 
7 
7 


6 
8 
24 
9 


FIRST APPEAR- 
ANCE OF 
TETANY 

FOLLOWING 
PARATHY- 
ROIDECTOMY 


days 
9 


Never oc- 
curred 
10 


Never oc- 
curred 
Never oc- 
curred 
6 
14 
2 
Never oc- 
curred 


COURSE FOLLOWING PARATHYROIDECTOMY 


Continuous mild tetany after first 
appearance 
Uneventful, distemper 


Tetany appeared on 10-14-17-19- 
20-22 days. Hairball in stomach 
Uneventful 


Developed distemper 


Uneventful except for distemper 
Uneventful, severe tetany 
Uneventful, severe tetany 
Developed distemper 


| NUMBER OF 
| DAYS LIVING 
FOLLOWING 
PARATHY- 
ROIDECTOMY 


days 


14 2 | Continuous moderate tetany 


tomies, the blood supply and other attachments of the gland were ligated 
and divided well away from the glandular tissue. 


Resutts. Series A: In this group consisting of ten animals, the colon 
was first removed and time allowed for the recovery of the animals, so 
that they were eating heartily and appeared healthy. The parathyroids 
were then removed. 

Whereas tetany in meat-fed animals appears rather constantly in about 
forty-eight hours after parathyroidectomy, it either did not make its 
appearance at all, or appeared late, in the majority of this series. (See 
table 1.) We interpret the result on dogs 3, 4, 5, 6, 7 and 9 as being 
positive. 


|| 
| | | — 
| 
= 
4 | 
5 ee | 7 
| 4 
9 4 
10 | 8 
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Series B: In this group consisting of ten animals, the parathyroid glands 
were first removed, and upon the development of tetany, the colon was 
moved. 

The results of this series with the exception of dog 17 were almost 
constant, tetany occurring usually on the second day following para- 


TABLE 2 


Showing the effect of colectomy after the onset of parathyroid tetany on the course of 
tetany in female dogs on a meat diet 


| 
| INTERVAL | INTERVAL 
| ELAPSING | ELAPSING | | | 


NUMBER BETWEEN | BETWEEN OF DAYS NUMBER 
oF PARATHY- PARATHY- | COURSE FOLLOWING COLECTOMY LIVING | OF DAYS 
ANIMAL ROIDEC- | ROIDEC- | | AFTER LIVING 
TOMY AND | TOMY AND | | COLECTONY | 
TETANY | COLECTOMY | | 
days days j days days 
11 2 3 Tetany on second day and until 4 7 
| death 
12 2 2 Tetany on second day thereafter 6 8 
until death 
13 1 2 | Tetany on second day 3 5 
14 1 2 | Refused food and died in de- 8 10 
| pression 
15 2 2 Pregnant. Aborted 6 fetuses on 2 4 
second day 
16 1 4 Tetany on first day, and there- 5 9 
after 
17 17 19 | Tetany on second day, marked 3 22 
18 2 4 Pregnant. Died in violent tetany 1 5 
on first day 
19 2 2 | Died in violent tetany on first day 1 3 
20 2 2 | Tetany on second day 3 5 
TABLE 3 


Showing the effect of removal of the parathyroids and colon at the same operation on the 
course of tetany 


INTERVAL ELAPSING | 
NUMBER OF ANIMAL BETWEEN OPERA- COURSE 
TION AND TETANY 


TOTAL NUMBER OF 
DAYS LIVING 


| days days 


21 2 Good conditions first day. 2 
Took milk 

22 2 Tetany increased in severity 6 


until death. Pregnant 


thyroidectomy and recurring on the second day following colectomy. 
(See table 2.) 

Series C: In this group consisting of two animals, the parathyroids and 
colon were removed at the same sitting. 


4 
| 
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In both animals, tetany appeared on the second day following operation. 
More animals were not used in this series, because we believed it involved 
too much operating at one sitting, which might invalidate the results. 
(See table 3.) 

Discussion. The results certainly show that tetany will occur in an 
animal without a colon. However, a comparison of the results shown in 
table 1 and table 2 shows that the removal of the colon prior to the removal 
of the parathyroids has an ameloriating effect on the incidence of tetany, 
but that removal of the colon after the onset of tetany is ineffectual. 
The actual observation of the picture that the different groups of animals 
presented was more convincing to us than are the actual figures in the 
tables. However, the results are not as decisive as we had anticipated. 
The results do show decisively that tetany will occur with the colon out. 

In interpreting the results of series A, several factors must be borne in 
mind. Those who support a theory that tetany is brought on by a calcium 
deficiency, the parathyroids normally regulating calcium metabolism 
(5), may say that tetany is delayed because of an increase in blood calcium 
following colectomy, the colon being generally considered to be the chief 
organ of calcium excretion. Therefore, more time would be required for 
some other organ to excrete the calcium until it reached a low enough 
level to bring on tetany. In addition, dog 1 might be referred to as being 
an animal in which tetany occurred quickly because of the short time 
elapsing between the two operations and the consequent lack of time for, 
or an absence of an accumulation of calcium. Dogs 8 and 10 might be 
referred to as being animals in which such a long period of time elapsed 
between the removal of the colon and the removal of the parathyroids, that 
some other organ had taken over the calcium excretory function of the 
colon, and had reéstablished a calcium equilibrium. 

On the other hand, in interpreting the results of series B, it must be 
borne in mind that although they superficially seem opposed to the theory 
of intestinal intoxication, the upholders of this theory might criticize such 
opposition on the following grounds. After removal of the parathyroids, 
the exogenous toxins due to which tetany is ascribed by them, have already 
accumulated sufficiently to cause the appearance of tetany, or have set 
up certain tissue reactions resulting in tetany, and therefore, any salutary 
effects that might be achieved by removal of the colon, do not appear. 

The results of the two experiments of series C might again be criticized 
by calcium deficiency theory exponents on the ground that removal of the 
colon had not taken place sufficiently soon to allow for any considerable 
increase in blood calcium. 

Part II. Because of the persistence with which the question of 
variations in serum calcium arose in interpreting the results of our work, 
we determined to study the effect of colectomy on the blood calcium. 
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Metuops. We ran two series of dogs, the first series (series D, see table 4 
comprising eight dogs, and the second series (series EF, see table 5 
comprising five dogs. In all cases, the blood calcium was determined 
for at least three days before operation and for as long after operation as 
it remained abnormal or until the animal died, or was etherized. The 
method of determining was essentially that described by Collip and 


TABLE 4 
Showing the effect of colectomy on blood calcium 


DAILY BLOOD CALCIUM LEVEL IN MILLIGRAMS PER 100 cc. OF 
SERUM 


| Dog | Dog | Dog | Dog | Dog | Dog | Dog | Dog Dog 
93 on 


| 22 3 | 624 |S 26 27 28 29 30 
10.5*, 10.5 
10.4 | 10.2) 11.6) 12.1) 12.0 
10.6 | 11.3) 12.8) 12.0) 12.2) 11.4 
10.3 | 9.4) 11.2) 11.5) 12.0] 11.6) 12.4) 11.0) 12.0 
10.2 | 9.9) 10.9} 10.7) 11.9) 12.6) 12.6, 11.5) 11.6 
| 10.3} 10.6) 11.8) 12.1) 12.4) 12.4) 11.4 11.4 
9.7*, 10.2) 12.0} 10.4) 11.8 13.3] 13.3) 11.1) 12.5 
9.5 | 10.5) 10.7} 12.1] 13.2) 13.2} 13.0) 13.4 13.2 
10.0 | 11.1) 13.1} 11.4) 13.6] 13.9] 14.5) 13.7) 13.4 
10.2 10.8 11.2} 11.8} 13.4) 13.4 16.0) 13.8 
| ¥0.5) 12.2) 11.7) t | 13.5) 16.0) 14.5 
| 10.3) 11.8) 12.2) 14.8) 14.6) 14.2 
110.5 | 11.1) 11.2) 12.0) 14.3) 15.1] 13.6 
10.2 | 10.6) 11.7] 12.6 | 14.0) 13.8) 13.8 
| 9.8 | 11.6] 11.4) 10.0) 14.7} 13.6 13.5 
| 9.4 | 10.8) 12.0} 12.5) | 13.4 13.0 
| 9.9 | 10.5) 12.1) | 12.9 
| 10.5 | 12.4 
} 
Days observed after operation../64 | 14 89 | 11 | 5 | 10 10 | 16 3 
| | 
over maximum normal........| 0.2 | 1.1} 1.9) 0.8 0.8} 2.2) 2.4 3.0 1.4 


* Colectomy was not done, only a laparotomy for a control. Data beyond the 
first twelve days are not given because it would make the table too extensive. 
Died of distemper. 


Clark (9). In series D, the blood calcium was followed after colectomy. 
In series E, the blood calcium was followed in animals, the colon of which 
had been removed and subsequently thyroparathyroidectomized. The 
second operation being done on the date of the highest blood calcium or 
on the fourth day, except in the case of one dog whose condition did not 
permit operation at that time. 
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Dog 23 was used as a control animal and two sets of analyses were done 
on her; one to observe the effect of simply opening and closing the abdomen, 
and the other to observe the effect of making an ileostomy, blind-ending 


TABLE 5 
Showing the effect of colectomy and parathyroidectomy on the blood calcium 


| DAILY BLOOD CALCIUM LEVEL IN MILLIGRAMS PER 100 cc. oF 
| SERUM 


Dog 31 | Dog 32 Dog 33 | Dog 35 Dog 36 


10.! 
10. 
10.§ 
10. 
10. 
10. 
10. 


“I @ 
“Im 


© ¢ 


| 


lo} 


Os 


10. 


o 


~ 


t 


Parathyroidectomy 


* Tetany. 


the colon and irrigating it daily. The other animals were all subjected 
to the same type of colectomy as has been described under part I of this 
article. As in part I, all animals were females. None of them were preg- 
nant nor lactating, and the diet as before consisted of meat. 


| 
| 
| 10.4 
9.9 
| 10.0 
| | 
| | 
| | 12.0 | 12.0 | 12.1 | 10.3 
| 12.5 | 12.4 | 12.5 | 11.6 
12.9 | 12.6 | 12.1 | 11.4 
| 11.0 | 11.9 | 13.7 | 125 | 11.0 
| 
“ (| 7.6 | 103 | 009 | 81 | 9.5 
| 6.0 9.9 | 9.3 10.0 | 10.1 
| 5.5* 6.3* | 8.9 | £0 10.5 
| 5.3 | 7.3" | 7 | 10.0 
| 5.0% | | 4 | 8.9* 
| 5.5 | | | 7.8° 
| 
4 
| | 9 | 
| | 
| | a 
| | | 
| | | 
| | | | 
| | 
| | | | 
| 6.3° | 
} | §.5* 
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Resutts. Series D: Dog 23 displayed no alteration in blood calcium 
following either the laparotomy or the production of the colon pouch. 
The other dogs showed that without exception, although there was con- 
siderable variation in the calcium from dog to dog, the general trend was 
toward a rise in concentration reaching a maximum in from four to seven 
days and then declining again to normal, the whole cycle occupying ten 
to twelve days. The amount of rise varied from ;*; to3 mgm. per 100 ce. 
of blood. (See table 4.) 

Series E: In this series of five animals, the colon was removed and the 
parathyroids removed on the fourth day after this when the blood calcium 
was the highest. 

In this series we do note a slight increase in blood calcium following 
colectomy. Following parathyroidectomy there is a decided fall in the 
blood calcium which gradually decreases. Two of the dogs of this series 
showed mild tetany on the second day. The remainder, however, showed a 
delayed appearance of tetany which was not severe. In the case of dog 35, 
mild tetany was noted on the sixth day following parathyroidectomy. 
Tetany then disappeared and reappeared on the thirteenth day and con- 
tinued till the end of the twenty first day. 

According to Hastings and Murray (10), the blood calcium falls rapidly 
after parathyroidectomy and reaches a level of about 40 per cent in a few 
days and is then only slightly reduced till death. From our work then on 
parathyroidectomized previously colectomized dogs, the fall in blood 
calcium seems to be somewhat slower than in dogs only parathyroidec- 
tomized. Also the blood calcium at the time of death seems somewhat 
higher than that reported for only parathyroidectomized dogs. (See 
table 5.) 

Discussion. Although we had gone into this question with open minds, 
contemplation of the above findings leads us rather strongly into the 
conviction that defects in calcium metabolism play a major réle in the 
genesis of parathyroid tetany. Although removal of the colon may very 
well alter other normal physiological processes which might be the primely 
important factors in the causation of such tetany, we feel that in this 
change in calcium concentration, we have something which conveniently 
explains the results we described in part I. However, our data do 
not warrant any positive statements as to the etiology of tetania para- 
thyreopriva. 

Interesting incidental observations. Parts I and II. 1. Several dogs 
were observed in the act of attempted defecation when they had only an 
inch or so of rectum remaining. 

2. The distal twelve inches of the ileum of three dogs, was markedly 
dilated and hypertrophied. 


| 


538 ERIC OLDBERG AND E, L. WALSH 


3. Post-mortem examination of a number of dogs revealed hair-balls 
of considerable size at various points along the intestinal tract, usually 
the ileum. The stomach of dog three was entirely filled with a hair-ball, 
which probably prevented any food from entering the duodenum. 

4. In a large majority of instances, although the feces coming from the 
ileum were liquid at the time of colectomy, they became more firm and 
solid as time progressed, suggesting that the ileum takes on, in part at 
least, the water absorbing power of the colon. 

5. In dogs three, seven, eight and nine, the ileum was washed out with 
about five hundred cubic centimeters of warm tap-water or physiological 
salt solution, during the tetanic attacks. Not much effect was observed 
except in the case of dog three, which seemed to be relieved by this 
procedure. 

6. In animals following removal of the parathyroids, and in which tetany 
had already occurred, but from which attacks the animals had quieted 
down, the administration of one-quarter to three-eighths grains of mor- 
phine, one sixtieth grain of atropine, and one tenth grain of apomorphine, 
quite constantly initiated attacks of moderate tetany. 

7. Better results were obtained in the calcium determinations when the 
oxalate precipitate was treated over night with sulphuric acid, instead of 
simply being boiled with it for one minute. 


SUMMARY AND CONCLUSIONS OF PARTS I AND II 


From the findings of our experiments, we can say definitely these 
things—that when colectomy precedes parathyroidectomy, the onset and 
course of tetany is modified; that when colectomy succeeds parathy- 
roidectomy after tetany has already developed, it does not seem to have 
more than atransitory depressant action upon its course; and that removal 
of the colon of the normal dog causes in the majority of cases a rise in the 
blood calcium of from 1 to 3 mgm. over its former level, in the course of a 
week. Operation per se has no effect on blood calcium. 

Our results appear to us to be less out of harmony with the theory that 
parathyroid tetany is due to calcium deficiency, than with any of the other 
theories. 


We desire to thank Dr. A. C. Ivy for suggesting the problem, for teach- 
ing us the surgical technique, and for helpful suggestions throughout 
the course of our work on this problem. 


balls 
lally 


bali, 


the 
and 
at 


‘ith 
cal 
red 
his 


ny 


EFFECT OF COLECTOMY ON TETANY AND BLOOD CALCIUM 


BIBLIOGRAPHY 


Dracstept, L.R. ano S.C. Peacock. This Journal, 1923, Ixiv, 424. 

LuckHarpT, A. B. anv P. J. Rosensioom. Proc. Soc. Exper. Biol. and Med., 
1921-22, xix, 129; Science, 1922, lvi, 48, 257. 

Lucxuarpt, A.B. B.GotpserG. Journ. Amer. Med. Assoc., 1923, lxxx, 79 

DracstepT, L.R. Endocrinol., 1924, iii, 657. 


5) MacCatium, W. G. ano C. Vorctiin. Bull. Johns Hopkins Hosp., 1908, xix, 


91. 
BerceErM, J. Journ. Biol. Chem., 1926, Ixx, 51. 
MENDEL, L. B. anDS.R. Benepicr. This Journal, xxv, 23. 
Van NoorpvEN. Metabolism and practical medicine, p. 38. 
CouuiP, J.B. anDE. P.Ciark. Journ. Biol. Chem., lxiii, 461. 
Hastines, A. B. anp H. A. Murray. Journ. Biol. Chem., 1921, xlvi, 233. 


339 
l ) 
(2) 
(3) 
a 
(6 
(7) 
(3) 
(9) 
(10) 
__| 
ed 
e, 
1e 
> 
i 


A MICRO-MODIFICATION OF THE KEITH-ROWNTREE 
PLASMA-DYE METHOD FOR THE ESTIMATION OF 
BLOOD VOLUME IN THE RAT 


GEORGE F. CARTLAND anp F. C. KOCH 


From the Laboratories of Physiological Chemistry, The University of Chicago, 
Chicago, Illinois 


Received for publication April 23, 1928 


The extensive use of the white rat for blood studies makes it highly 
desirable to have a method for following changes in the blood volume of 
this animal. The estimation of blood volume in the rat has been accom- 
plished by at least two methods. Jolly and Stini (1905) used the Welcker 
method and found 4 to 5 cc. of blood per 100 grams body weight. Chisolm 
(1911), using the same method, reports 5.3 to 7.3 ec. of blood per 100 
grams body weight. Scott and Barcroft (1924), using the carbon mon- 
oxide method, found 5.4 to 7.9 cc. and an average of 6.3 cc. of blood per 
100 grams body weight. 

All of the workers mentioned above have found it necessary to sacri- 
fice the animal in applying these methods to the rat. It is obvious that 
such a procedure is of little value in blood studies where it is desired to 
follow changes in blood volume over a period of time. Thus, it occurred 
to us that the plasma-dye method of Keith, Rowntree and Geraghty (1915) 
which has been so successfully used in the case of the larger animals, might 
be modified sufficiently to be made applicable to the rat. 

Principle of the method. An accurately measured amount of a non- 
toxic dye is injected into the blood stream. After sufficient time has 
elapsed to permit thorough mixing of the dye with the blood, the concen- 
tration of the dye is estimated in the plasma. The plasma volume may be 
calculated directly. Knowing the hematocrit, the total blood volume may 
be calculated. 

Reagents. 1. One and six tenths per cent sodium oxalate solution. This 
solution is isotonic. 

2. Two per cent Brilliant Vital Red in 0.8 per cent sodium chloride. 
This solution is sterilized by autoclaving for fifteen minutes at fifteen 
pounds pressure. 

Procedure. Into each of two 3 X 2 inch vials accurately measure 0.30 ec. 
of the 1.6 per cent sodium oxalate solution. Stopper to prevent evapora- 
tion. Taking aseptic precautions, fill a 1 ec. tuberculin syringe (without 
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the needle) to the 0.25 ce. mark with the 2 per cent Brilliant Vital Red 
solution. Be sure that all air bubbles are removed from the syringe. 
Have ready a second 1 cc. tuberculin syringe and a third 1 ce. syringe 
fitted with a 23 gauge needle. 

Anesthetize the rat with ether and fasten it down to a board as quickly 
as possible. Using the 1 cc. syringe fitted with the needle, withdraw 0.25 
ec. of blood by cardiac puncture. Leaving the needle in the heart, remove 
the syringe from the needle and replace it immediately with the syringe 
containing the dye. The withdrawn sample of blood is emptied into one 
of the vials containing 0.3 cc. of 1.6 per cent sodium oxalate solution, and 
carefully mixed by drawing the mixture up into the syringe and reinjecting 
into the vial. This diluted sample of blood is to be used for making up the 
standard. 

Note the time the dye is injected into the heart. The dye is allowed 
to circulate for two minutes during which time the syringe is repeatedly 
rinsed by withdrawing blood and reinjecting eight to ten times. At the 
end of the two minute period the syringe is removed (taking care to keep 
the needle in the heart) and immediately replaced with the clean tuber- 
culin syringe. Blood is withdrawn to slightly above the 0.25 ec. mark 
and the needle withdrawn from the heart. The blood in the needle is 
drawn into the syringe and the needle removed. The air bubble between 
the end of the plunger and the blood is quickly removed by inverting the 
syringe. The excess blood in the syringe is removed by pushing the plunger 
to the 0.25 ec. mark. Carefully wipe off all blood from the outside of the 
syringe and introduce the blood into the second vial of sodium oxalate. 
Mix with the oxalate as before. 

For measuring the hematocrit, 0.5 ce. centrifuge tubes are used prepared 
from glass tubing of 2.5 mm. inside diameter. One of these is graduated in 
0.05 ec. from 0 to 0.20 ec., and both are graduated at 0.5 cc. These tubes 
are filled by means of capillary pipettes. 

Fill the centrifuge tube which is graduated only at 0.5 ec. with diluted, 
well mixed blood from the first vial. Fill the graduated centrifuge tube 
with diluted dyed blood from the second vial, after carefully mixing the 
contents of the vial. Cover the tubes and centrifuge for thirty minutes 
at a speed such that no further packing of corpuscles will occur upon 
longer centrifuging. At the end of this time, read the total cell volume 
in the graduated centrifuge tube. This is the cell volume of the diluted, 
dyed blood which is used in calculating the total blood volume. 

By means of a capillary pipette graduated to deliver 0.250 cc., transfer 
0.25 ec. of the dyed, oxalated, and diluted plasma to a vial containing 4.75 
ec. of distilled water. A 5 cc. standard of known concentration of the dye 
is prepared using 0.25 cc. of the undyed, oxalated, diluted plasma. The 
concentration of dye in the standard is made approximately equal to that 
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in the unknown by a previous calculation of the probable blood volume. 
For a 100 to 130 gram rat, a standard containing a 1:1000 dilution of the 
dye solution injected will be satisfactory. Similarly, the standard should 
be made stronger or weaker depending upon whether the rat is smaller or 
larger than this. After thorough mixing of the contents of the vials, com- 
pare in a colorimeter. 

Calculations. The dye is diluted at three points during the above pro- 
cedure, viz., 1, in the plasma of the rat’s blood; 2, with sodium oxalate 
solution immediately after withdrawing the dyed blood; 3, with water just 
before reading in a colorimeter. Of these three dilutions, the first is un- 
known; the second and third are known. The unknown dilution is equal 

total dilution ; 
(2)- X (3) 

Dilution with oxalate. After thorough mixing of the dyed blood with the 
sodium oxalate, the vial contains the following dilution: 

a. Thirty-hundredths cubic centimeter of sodium oxalate solution. 

b. Twenty-five hundredths cubic centimeter of dyed blood. 

ec. An amount of dyed blood equal to the “dead space” of the tuber- 


culin syringe. (‘Dead space’’ is the amount of fluid which remains in the 
syringe after filling and pushing the plunger in as far as possible. This 
must be accurately determined for each syringe used.) 

Let V = volume of diluted, dyed blood in the vial and in the dead space 


of the syringe. 

D = dead space volume of the syringe in which the dyed blood is 
measured. 

C’ = ec. of cells per cc. of undiluted, dyed blood. 

C = cc. of cells per 0.5 ce. of diluted dyed blood as measured directly in 
the graduated centrifuge tube. 

Since the cell volume of the diluted blood varies inversely as the dilution, 
_ 
0.254 
Therefore, dilution of dyed plasma with oxalate 
= ec. of plasma in vial : cc. plasma in vial + 0.30. 
- 1-2: of plasma in vial + 0.30. 
; ec. of plasma in vial 
as (0.25 + D) — C’ (0.25 + D) + 0.30 
. (0.25 + D) — C’ (0.25 + D) 

Dilution with water. Twenty-five hundredths cubic centimeter of dyed, 
diluted plasma is further diluted to 5.0 cc. for colorimetric readings. 
This dilution = 1:20. 

Total dilution of the dye. This is calculated from the colorimetric read- 
ing and is equal to 

_ Reading of unknown X standard dilution 
Reading of standard 


ve 
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The blood volume may now be calculated as follows: 
Total dilution X cc. of dye injected 
Oxalate dilution X 20 (1-0) 
(1-C’ = ce. of plasma per ce. of dyed blood.) 
Sample calculation: C = 0.100 
D = 0.055. 
V = 0.055 + 0.25 + 0.300 = 0.605 ce. 
2CV_ 2X 0.100 X 0.605 _ 
0.25 + D 0.25 + 0.055 ns 
0.305 — (0.397 0.305) + 0.300... 
Oxalate dilution = 0.305 — (0.397 X 0303) = 2.63. 
Color readings. When the standard was set at 15 mm., the unknown 
read 13.5 mm. 
Standard dilution = 1:1000. 
Total dilution of dye = a = 900. 
Ce. of dye injected = 0.266. 


900 « 0.266 — 
4.00 CC. 


Blood volume ce. = 


Blood volume = 


Discussion. The method as described above is suitable for blood vol- 
umes up to 10 ee. For larger blood volumes a similar procedure is used 
injecting 0.5 cc. of dye and withdrawing 0.5 cc. samples of blood instead 


of the 0.25 cc. amounts. 

Syringes are greased with a thin film of vaseline which makes them tight 
and helps to prevent clotting of the withdrawn blood. For withdrawing 
the fina] sample of blood, a tuberculin syringe with a light colored plunger 
isused. (Such asyringe is made by The McGregor Instrument Company, 
Boston, Mass.) The use of this type of syringe is necessary to permit 
accurate reading of the blood-filled syringe, which is very difficult if the 
usual blue plungered tuberculin syringe is used. 

The rat is kept under light ether anesthesia throughout the time of in- 
jecting the dye and withdrawing the blood. When everything works 
smoothly, the total time from the beginning of anesthesia until the rat 
comes out of it should not exceed five minutes. In this way the injury due 
to anesthesia is reduced to a minimum. 

Since the injections are made directly into the heart, the usual objections 
concerning the mixing of the dye with the plasma are much less serious 
than is the case when the dye is injected into a peripheral vein. The 
small size of the rat and its rapid heart beat are factors which greatly 
enhance the mixing of the dye with the circulating blood. A two minute 
period for the mixing of the dye in the blood stream is adequate for the 
largest rat. In the case of the smaller rats, the time is reduced to one and 
one-half minute. 
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The method of calculation is different than that for the macro-method 
because the volume of dye injected is an appreciable fraction of the total 
blood volume of the rat. The calculation here presented is also based on 


TABLE 1 
The method tested in vitro 


4 CC. METHOD } cc. METHOD 


Actual volume Found Actual volume Found 


aun 


Repeated estimations of blood volume in normal growing rats 


| BLOOD VOLUME BLOOD VOLUME | BLOOD VOLUME BLOOD VOLUME 


WEIGHT 


Rat 35 


Failed 

Failed 


to 


6. 
6. 


4 cc. Method 


Rat 42 Rat 43 Rat 44 Rat 45 


| 

| 14.1 | 207 | 13.3 .7| 212} 14.0] 6.6 | 13.3 | 
15.3 | 6.6) 218 | 14.5 | 230 | 15.1 | 14.1 | 
| 15.7} 6.7 | 234] 15.: 235 | 15.0 4]: 14.0 | 
15.8 | 6.3 | 250 | 16.4} 6.6 | 254| 16.1) 6.3 | 235 | 14.0 | 

Dead 261 | 17.: | 262 | 15.5| 6. Dead 


one new assumption. A 0.25 ec. sample of blood is withdrawn for prepara- 
tion of the standard. This is immediately replaced by injecting 0.25 cc. of 
an isotonic dye solution. It is assumed that the blood volume remains 


5.0 | 5.2 7.0 9 
5.0 | 5.0 8.0 9 
5.0 4.9 6.0 | 9 
4.0 5.1 6.0 8 
5.0 | 5.0 | 
4.0 | 3.95 
6.0 5.8 | 
6.0 6.2 
TABLE 2 
} cc. method 
— | Rat 37 Rat 38 Rat 39 
6/1 | 103 | 1114] 8.1] 7.1] 105] 7.5] D 
6/10 | 125 131 9.5 4.2 1 135 9.1 | 
6/15 | 137 | 10 3 | 135 | 10.2} 7.7] 132 | 10.4 | 
6/25 160 | 11 1 | 160 | 10.7 6.7 | 144 9.8 
7/10 | 171 | 10.7 167 | 12.7 | 7.6 | 159 | 11.0 
7/95 | 362 | 11.7 | 4/170 Failed 167 | 12.4 
6/1 214 6.8 
6/12 | 230 6.9 
6/17 236 6.5 
6/26 250 6.2 
7/10 
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constant during this transfer, which assumption we believe to be war- 
ranted. We actually estimate the rat’s blood volume after the injection 
of the dye, which we believe is equal to that of the rat before withdrawing 
the first sample of biood. 

The accuracy of the method tested in vitro. Known volumes of oxalated 
blood in small vials were estimated using exactly the same apparatus and 
procedure as described above for the rat. The blood was stirred during 
the two minute period for mixing the dye with the blood. The results are 
given in table 1. The errors do not exceed four per cent which are within 
the limits claimed for the macro-method under similar conditions. 

Repeated estimations of blood volume in normal growing rats. The blood 
volumes of four rats were estimated by the } cc. method described above. 
Similar estimations were made upon four larger rats using the 4 cc. method. 
The blood volume in cubic centimeters per 100 grams body weight is cal- 
culated in each case. The rats were starved for twelve hours before each 
estimation in order to obtain a more uniform weight. The results of re- 
peated estimations of blood volume in these rats are summarized in table 2. 

The method yields reasonable results when repeated estimations are 
made upon growing rats. The results are more variable in the smaller 
than in the larger rats. The blood volumes per cent (cubic centimeter 
of blood per 100 grams body weight) are lower in the larger rats than 
in the smaller ones, which is in agreement with results reported by other 


workers using the carbon monoxide or Welcker methods. 

The mortality is not above ten per cent and may be considerably less 
than this in some series of experiments. Death, when it occurs, is usually 
due to hemorrhage. The rats show no distressing symptoms after the 
procedure and appear to be normal after a few hours. 


SUMMARY 


A micro-modification of the plasma dye method of Keith, Rowntree and 
Geraghty for estimation of blood volume has been developed which is 
applicable to the white rat. The process does not necessitate sacrificing 
the animal. The errors of the method tested in vitro do not exceed four 
per cent, and repeated estimations of blood volume in normal growing 
rats yield consistent results. 
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The response elicited from smooth muscle of the intestine or uterus when 
histamine solutions are applied varies both with the concentration of the 
solution and the condition of the muscle strip at the time the experiment is 
performed. Generally speaking, a relatively weak concentration causes a 
single contraction, of brief duration. A somewhat stronger solution 
evokes a stronger contraction which, in addition to shortening of the 
muscle, involves rhythmicity. A still stronger solution, not powerful 
enough however to injure the muscle beyond the point of recovery, elicits 
a powerful, sustained contracture which may persist for many minutes. 
If the muscle thus stimulated is washed thoroughly with a suitable physio- 
logical solution, the histamine effect may be removed and the muscle 
apparently returns to about its original condition, although repetitions 
of such treatment lead to permanent injury or death. The amount of 
histamine which will cause such reactions varies appreciably. 

Dilute formalin solutions applied to strips of smooth muscle appear to 
have an opposite effect (Kendall, 1927), that is, they tend to relax smooth 
muscle. If the formalin solution is applied to a strip of muscle exhibiting 
spontaneous or rhythmie contraction, the rhythmicity ceases, and the 
muscle frequently relaxes slightly. If the muscle is first thrown into 
contraction or even contracture by histamine, relaxation takes place when 
formalin solution is added. If the histamine and formalin are washed out 
of the muscle the sequence may be repeated. Higher concentrations of 
formalin solution both relax the tonus of smooth muscle and depress it 
markedly as indicated by loss of rhythmicity and contractility. When 
very weak solutions of formalin are used, an initial shortening followed by 
relaxation is often observed. 

It should be emphasized that the effects elicited by histamine and for- 
malin depend upon the initial condition of the smooth muscle; therefore 
quantitative data can be regarded as of comparative value only. 
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The experiments described below were performed upon isolated, surviv- 
ing segments of guinea-pig intestine. The animal was killed by a blow 
upon the head, the abdominal cavity was opened at once and the requisite 
length of small intestine was removed and placed in a covered dish lined 
with filter paper wet with Tyrode solution and kept at ice box temperature. 
At the proper time a suitable length of intestine was removed for experi- 
ment. Segments of intestine thus kept cool gradually lost their rhyth- 
micity. This suggests a slow deterioration. 

The purpose of these experiments was to test the effect of histamine and 
formaldehyde in “‘physiological’”’ doses upon the threshold of irritability 
and magnitude of response to electrical stimuli. Galvanic currents, make 
and break shocks, and short periods of faradization were employed, de- 
livered by means of a suitable key inserted in the battery circuit. The 
induction coil used was one described in general elsewhere (Bishop, 1927 
and arranged for these experiments so as to give a shock of long duration. 
Both primary and secondary coils had solid iron cores. The two halves of 
the secondary were connected in parallel, to increase the available current 
and reduce the internal secondary resistance to 300 ohms, a value of the 
same order as the external. Adjustment of a slide wire resistance in the 
primary and of the angle between primary and secondary coils controlled 
the shock, and a battery of 2 to 4 volts was used as the experiments de- 
manded, The resultant break shock, as recorded on the cathode ray 
oscillograph with 500 ohms in series with the secondaries, rose very abruptly, 
and fell to 3 value exponentially in 0.00275 second (fig. 1). The make rose 
more slowly, with only slightly lower potential at the maximum. 

The first experiments were performed with lengths of intestine of about 
3 ecm. The muscle was suspended vertically in a moist chamber heated 
to 37°C., so arranged that the suspending device was also an electrode. 
The other, dependent end, was attached to a suitable lever writing upon a 
smoked drum. About 2 cm. below the point of support, the strip of intes- 
tine was in light contact with a pair of electrodes both connected to the 
same pole of the stimulating coil, the current passing from these to the 
end of the segment. A capillary tube, connecting by a three-way glass 
stopcock to the various solutions (histamine, formalin and Tyrode) afforded 
a convenient method for applying these to the surface of the intestine, from 
above downwards. These solutions were kept at body temperature. 

It will be seen that this arrangement affords both a convenient method 
for applying the solutions and also of stimulating the longitudinal muscle 
electrically. Both the chemical and electrical stimuli tend to be most 
concentrated at the outside of the intestine. 

A similar arrangement was tried, differing in that the muscle was sus- 
pended in a warmed Tyrode bath, but the diffusion of the electric current 
through the solution offset the advantages that otherwise might have been 
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expected, and this experiment was discontinued. Solutions painted on o 
poured over the muscle take effect less rapidly than when the muscle hang 
in a bath of the same solution, the effect probably depending on the amoun 
that actually reaches the smooth muscle. That the chemicals produc 
their characteristic effects only after penetrating and not by any indirect 
effect of action at the surface of the intestine, is suggested by the greater 
delay in response with the less effective method of application. On the 
other hand, the electrical stimulus is applied more effectively when the 
muscle is not shortcireuited by the bath. 

EXPERIMENTAL, A. Gut strip hung in air or Tyrode solution bath. With 
threshold doses of chemicals and short sections of gut, a marked change 


10 15 


Fig. 1. Cathode ray oscillograph records of (A) make, and (B) break shocks em- 
ployed below, figure printed through two superposed film records. The internal 
resistance of the secondary circuit is 300 ohms, of the external circuit 500 ohms in 
these pictures. The potential of the break shock falls to } value in2.7 sigma. Inthe 
experiments the external resistance was that of the intestinal tissue, varying with the 
conditions of the experiment. The irregularity in the make record is due to imperfect 
contact of the rotating circuit-breaker. Time in0.001 second. 


from normal occurred in the response of the muscle to electrical shocks 
above threshold, with no appreciable change in the threshold. The 
evidence underlying this conclusion is as follows. Using as stimulus a 
make and break shock timed closely together, an increase above that for 
visible threshold response in the untreated muscle caused an increase of 
response, but larger stimuli caused a decrease below the maximal. This 
effect may possibly be associated with the initial relaxation of smooth 
muscle upon electrical stimulation. After doses of chemicals that caused 
neither detectable tonic contraction or relaxation, nor even initial spon- 
taneous response, the responses to electrical stimuli were larger with hista- 
mine, and smaller with formaldehyde, but the differences in the effects 
of stimuli of different strengths as before were the same as in the untreated 
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muscle. Insofar as the reduction in amplitude was proportional through- 
out the range of stimuli to the depression of the maximum effect, it seems 
to us that the stimulating effectiveness of the currents used may be con- 
sidered to be unchanged, and only the ability of the muscle to respond 
altered. However, the electrical stimuli undoubtedly penetrate, initially 
at least, to muscle fibers that have not yet been affected by the chemicals, 
so that absence of changed response to electrical stimulation is not alto- 
gether conclusive evidence that the chemicals have not affected the thres- 
hold of the muscle fibers reached by these chemicals at a given time. 

Contraction of those layers of longitudinal muscle first reached by the 
chemical stimuli should shorten passively the underlying layers, and thus 
change the effectiveness of active responses of the latter, and also, possibly 
should change their threshold to superposed electrical stimuli. So far as 
we are able to judge, therefore, the physiological effects of the chemicals 
may be due to their absorption by the muscle fibers involved in the changed 
response, and the short (and unchanged) latent period of response of the 
longitudinal muscles to electrical stimuli gives no evidence of an indirect 
effect of the chemicals. 

In view of what is to follow a certain emphasis seems appropriate on 
the distinction between the quantitative measurement of irritability (or 
of excitation) and that of response. The threshold of irritability is meas- 
ured by the strength of the stimulus necessary for threshold or detectable 
response, but the amount detectable will vary with the condition of the 
muscle as affected by the chemicals. Above this threshold an increased 
response follows an increase of stimulus up to a maximum of shortening; 
however, the duration of this shortening often can be further increasec’ by 
a further increase of the stimulus. It is conceivable that the response can 
be altered with no change in the threshold of irritability; although in smooth 
muscle where nothing is known as to the all-or-none character of the reac- 
tion in individual elements, this is difficult to demonstrate. Certainly the 
maximum amplitude of response as recorded to a “maximal” electrical 
stimulus is altered by the chemicals here used. On the other hand, the 
spread (conduction) of the contractile process from the site of stimulation 
to adjacent muscle is also affected by these chemicals, and the amount of 
tissue contracting, as well as the power exerted by each element, affects the 
contraction record. These complications are not obviated, though their 
effect is somewhat reduced, by limiting the process to a short section of gut 
(see below, B). The graphic records obtained by us can be interpreted, 
therefore, and even that somewhat inferentially at present, only in con- 
nection with visual observations of the contracting gut. These latter are 
obviously inexact and qualitative. We presume that the same reservations 
should be made to at least an equivalent degree in the interpretation of 
other experiments on smooth muscle of the gut by other experimenters. 


i 


GEORGE H. BISHOP AND ARTHUR ISAAC KENDALL 


550 
bal 
' is 
. 
ivf . 
| % 
| | 2 
1% 
i 
3 
iy} 
iss | 
>| 
4 
sf | iv 
> 
; 1? Q 
1 
| 
{ -| 
4 
: 
+ 
2 if! < 


~ 
= 
3 
N 
& 
= 


CHEMICAL AGENTS AND IRRITABILITY OF SMOOTH MUSCLE 


In the contractions of suspended long sections of gut the effects of hista- 
mine and formaldeyde are characterized by long duration, even when we 
make allowances for the amplitude as a function of the amount of tissue 
contracting and for the long latent period as a function of slow diffusion. 
This applies also to the contraction occasionally resulting from application 
of weak formaldehyde, which may thus be considered to act as an irritant 
at a stage and at a concentration which fails to cause an immediate depres- 
sion. On the contrary, the responses of the longitudinal muscles to 
electrical stimuli of short duration are always themselves of relatively 
short duration. They are apparently conducted poorly, if at all, in the 
longitudinal musculature (figs. 2 and 4). 

Small doses of histamine causing a moderate contraction sometimes show 
no appreciable effect upon the response to a superposed electrical stimulus, 
either of threshold or greater effectiveness, the increase of shortening re- 
sulting from the shock being similar to previous responses (fig. 2). Gener- 
ally, however, such responses are decreased by histamine in proportion as 
the histamine has already caused the muscle to shorten (fig. 3), until with 
further shortening the response to the electrical stimulus of any strength is 
abolished (fig. 4). This is presumably due, however, not directly to a 
raised threshold, but to the fact that the muscle is already so contracted 
that further shortening is not possible, whatever its threshold may be 
assumed to be under these conditions. If such doses of histamine are 
washed out within a reasonable time with Tyrode solution the muscle 
slowly relaxes. The responses to electrical stimuli in what is then pre- 
sumably a dilute residual histamine solution are frequently higher than 
normal. Addition of formaldehyde in concentration just sufficient to 
relax the muscle to its initial length returns it to approximately its original 
ability to respond (fig. 3), and the experimental cycle can then be repeated 


Fig. 2. Stimuli applied to a segment of guinea-pig intestine hung in warm air bath, 
solutions washed over surface. At A, Tyrode solution, at B, histamine in Tyrode, at 
C Tyrode solution was applied. /, 2,3 are stimuli of increasing values, consisting of 
one, two and three make plus break induction shocks applied in quick succession. 
mand b are single makes or breaks of strength 1. Constant value of primary battery, 
and coil setting, slide wire resistance varied. Time in 5 seconds. Records 2-4 
reduced to } dimensions. 

Fig.3. Same arrangement asin2. Histamine at A, smaller dose than in 2, stopped 
histamine at B, formalin at C, just sufficient to relax the muscle to its normal tone. 
Comment in text. Time in 5 seconds. Stimuli as above. 

Fig. 4. Same arrangement as in 2, short section of gut. Histamine at A, stopped 
at B and washed, formalin at C, stopped at D. Muscle non-responsive to electrical 
stimulation during histamine treatment, response present after washing, and after 
formalin, though muscle is more relaxed than normal. Stimuli as above, time in 5 
seconds. Formalin produced an initial contraction. F, medium and large doses of 
histamine on a strip of gut hung on a spring lever, compared to G, record of same 
strip on light isotonic lever as in previous figures. Gut hung in oxygenated Tyrode 
bath, time in seconds. 
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on the same muscle. More formaldehyde depresses the response below 
normal. Larger doses of either histamine or formaldehyde abolish further 
response to electrical stimuli, and finally even responses to the chemical of 
opposite action. It is worthy of note that the chemical response can be 
obtained after the electrical response to such stimuli as we were applying 
had been abolished. 

In these strips, the rhythmicity that develops (notably under the influ- 
ence of histamine (fig. 2)) is attributable in part to the circular muscle 
whose effect is expressed in the record by reason of the indirect extension 
of the whole strip due to active contraction of the circularmuscles. Often 
in the response to strong electrical stimuli the shortening of the gut strip as 
a whole is interrupted or even reversed by the antagonistic action of the 
circular muscles, a sequence which is analyzable because of a difference in 
their respective latent periods. 

Electrical stimuli applied during the shortening caused by. histamine, or 
during the washing out procedure after histamine action, elicit responses 
which suggest that the state of “tonic” shortening then prevailing deter- 
mines the change of tension that may be assigned to the electrical factor. 
For instance, on the record of the rising phase of a histamine contraction 
(fig. 3) the responses to the shocks are written upon the histamine curve 
as a base line and a relative relaxation follows in spite of the increasing 
absolute contraction. This is hardly what one should expect from the 
simple summation of two stimulating effects upon the same mechanism. 
The magnitudes of these two effects are perhaps proportional to the 
amounts of tissue involved (the electrical effect being localized), even 
though the durations cannot be so explained. But a further complicating 
circumstance enters. The electrical stimulus may be reaching muscle 
cells not yet affected by the histamine, and the responses to the shocks 
may thus take place in the fibers not yet actively shortened by the chemical. 
As the maximal response to histamine is approached, the additional re- 
sponses that may be obtained from electrical stimuli decrease, though it 
cannot be determined from these experiments whether before this time the 
effects really summate in a given fiber. Other experiments, however, 
indicated that after the histamine must certainly have penetrated through 
the muscle wall to the circular musculature, the same summation of two 
types of responses occurs in the longitudinal muscles. 

Experiments were also performed in a bath with the gut working against 
a spring lever that allowed but slight shortening (fig. 4, #, F). Histamine 
acid phosphate! 1/8,000,000, a strong but neutralizable dose, produced here 


1 One-fourth cubic centimeter of a solution containing ,;'5 mgm. percc.of histamine 
acid phosphate was added to a bath holding 200 cc. of Tyrode solution, making 1 part 
histamine phosphate in eight million. The acid phosphate contains approximately 
one-third by weight of free base. It follows that the actual concentration of hista- 
mine is one-third the above, or one part in twenty-four million. 
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an initial maximum of tension, followed by a plateau, which was relaxed 
by formaldehyde. Stimulated during the plateau, the maximum increase 
of tension that could be elicited from greatly increased shocks was much less 
than in the untreated muscle, and after formaldehyde the response was 
almost abolished. (Presumably more than enough to neutralize the hista- 
mine was added.) After washing with Tyrode, nearly the original tension 
was developed in response to shocks but slightly higher than initially, and 
the threshold had changed proportionately in the same direction. Hista- 
mine acid phosphate 1/20,000,000 now resulted in an increase in tension, 
about one-half that previously obtained, followed by a scarcely perceptible 
plateau. The maximal response to electrical stimuli now increased to about 
the maximal for the untreated muscle, but somewhat greater stimuli were 
required. The increase in required stimulus, however, may in part be 
assigned to deterioration of the muscle that would have taken place without 
the chemical treatment, due to the effects of fatigue and survival at body 
temperature without blood supply. Throughout these experiments, 
furthermore, change in the diameter of the gut altered both its resistance 
to the electrical stimulus and the effectiveness of its contact with the elec- 
trodes, a difficulty that no technical precaution could obviate with this 
arrangement. 

B. Intestine distended, record of both circular and longitudinal muscle 
responses. It was found that a concentration of chemical sufficient to 
cause a change in response to electrical stimulation might be lower than 
that required to alter appreciably the initial tonus (change of tension) and 
considerably lower than that required to give a specific contraction. Since 
this statement applies not only to the response of the longitudinal muscle, 
but to the following experiments, where the circular-musculature could be 
observed to contract separately, it seems that the chemicals must have 
penetrated readily. 

Owing to complications encountered in the experiments previously de- 
scribed, not the least of which was the overshadowing effect of the extension 
of the longitudinal muscles by contraction of the circular, later experiments 
were arranged as follows. 

A short piece of gut was suspended in a suitably warmed Tyrode bath, 
each end being tied over a glass tube of suitable diameter. A wire elec- 
trode was inserted through the lower tube into the lumen of the gut. Also 
this tube was arranged so that Tyrode solution could be introduced into 
the lumen to distend the gut as desired. The other electrode was a coil of 
wire outside the gut. The electrical stimulus, therefore, might be passed 
through both layers of muscle in either direction. 

The upper tube also served as a manometer to record the pressure within 
the gut observed by measuring the level of the Tyrode solution within it, 
above the level of the bath fluid. This manometer was connected with a 
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tambour recording upon a moving drum. A side tube permitted the 
initial tambour pressure to be reduced to that of the atmosphere. This 
modification of the Trendelenberg method is sensitive enough to record 
significant changes of pressure, even in very short sections of intestine. 
To localize both the contraction and the stimulus, two short glass tubes 
with smooth rounded edges were slipped over the ends of the piece of 
intestine so as to form an adjustable slit, being held in place by friction. 
This adjustable device afforded several distinct advantages. 

First: the piece of gut may be distended within physiological limits, to 
fill the space within the outside tube. If the gut is made to bulge slightly 
at the slit, the longitudinal as well as circular muscular contractions are 
recorded on the tambour. They may be differentiated by simple 
observation. 

Second: the initial volume of fluid within the piece of intestine may be 
kept constant. Also, a constant initial area of intestine may be exposed 
to the outside (bath) fluid. This constant condition of area and volume 
is essential for the determination of threshold stimulation and response. 

Third: There appears to be an optimal pressure (distention) which is 
necessary for the evocation of activity in both the longitudinal and circular 
muscles. When a low pressure is applied, allowing a tonic shortening of 
the circular muscles, the effects of longitudinal muscle shortening are not 
recorded on the tambour. Increase of pressure ordinarily causes first, 
occasional spontaneous (?) contractions, then rhythmic contractions, and 
when the pressure exceeds physiological limits, depressed irritability, and 
finally permanent injury. 

An analysis of figure 5 will both illustrate the procedure and summarize 
a typical set of results. The stimulus consisted of a make and break 
timed about ;’5 second apart. Three initial stimuli, slide wire at 100 em., 
1, 2, 3, elicited three moderate contractions. When the slide wire was at 
10, three stimuli, 4, 5, 6, caused three slightly greater contractions. Ratio 
of current at 10 to that at 100, = 2:1. Then 0.25 ce. of a solution con- 
taining y'; mgm. histamine acid phosphate per cc. (bath volume 200 cc.) 
was added. This caused a slight spontaneous contraction within a few 
seconds, Bi. With the slide wire at 100, the response, 7, 8, 9, was about 


Fig. 5. Record of volume change in short gut strip distended by 2 cm. pressure of 
Tyrode solution, in oxygenated Tyrode bath at 37°C. Timeinseconds. Analysis in 
text. Gut stimulated through wall by induction shocks. Change in response to 
stimulation is due to subthreshold doses of histamine and formalin. Read lines in 
order 1, 2, 4, 6, 3, §. Stimulus recorded on time line as extra mark when battery 
circuit key isthrown. This key closes and opens the battery circuit during one ascent, 
whose speed is controlled by a spring and an oil-damped plunger. Interval between 
make and break shock less than0.1 second. Alternate marks on time line due to throw 
of key in opposite direction, no stimulus reaching the intestine. Histamine added at 
B; formalin at F. 
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the same; the last of the three stimuli, 9, was appreciably greater than the 
first, however. This suggests that the histamine was just exceeding the 
threshold amount. When the slide wire was moved to 10, a larger con- 
traction, 10, with two maxima was elicited. By direct observation, the 
first rise was associated with a definite contraction of the longitudinal 
muscle, the second by a later, somewhat conspicuous contraction of the 
circular muscle. Following this, a simple spontaneous contraction of the 
circular musculature of nearly equal magnitude occurred, S. Three more 
electrical stimuli of the same magnitude, /1, /2, 13, elicited respectively 
three larger contractions, each showing a double humped curve. One- 
half cubie centimeter of z's histamine added to the bath was followed 
quite rapidly by several spontaneous contractions, S, in which the two 
maxima were not apparent. This is quite general, however. The double 
humped curve phenomenon only follows electrical stimulation, so far as 
the records show. After the last addition of histamine, with the slide wire 
at 10 stimulation evoked three contractions, 14, 15, 16, the first of which, 
14, was double and was followed by spontaneous contractions without the 
hump. 

When the slide wire was put back to 100, a smaller contraction followed 
each of several separate stimuli (17 et seq.). These were about the size 
of the initial contractions. One cubic centimeter of 3's histamine solution” 
added at this time was followed by another series of spontaneous contrac- 
tions of considerable magnitude. The muscle tonus increased perceptibly, 
approaching the threshold for contraction by histamine alone. Then 
3 cc. of ss histamine solution were added. A persistent shortening took 
place, 20. With the slide wire still at 100, and the coil as before, single and 
multiple stimuli evoked responses of the same magnitude as before, 2/. 
One-fourth cubic centimeter of 3'; dilution of neutral formalin? was then 
added, F. With the wire at 100, two contractions occurred, 22, 23, with 
interspersed spontaneous contractions. Three additions of 1 ce. each of 3's 
formalin solution, FF 2F’3, in succession were followed by the disappearance 
of spontaneous contractions. With the slide wire at 100, but a very faint 
response, 24, was obtained. When the wire was moved up to 10, finally, 
the response was nil, 25. 

Considering that the second peaks of the responses to stimuli and the 
spontaneous single peaked, or plateau curves, were those of circular muscle, 
the reversible alterations brought about by the chemicals appear to be ti:e 
result of direct action of the chemicals upon circular muscle layers. 


2 One milligram histamine acid phosphate in 1 cc. water, diluted twenty-five times 
initially. One cubic centimeter of this was added to the 200 cc. Tyrode solution bath. 

3 One cubic centimeter of neutral formalin solution (30 per cent formaldehyde) in 
25 cc. water. One-fourth cubic centimeter of this was added to the 200 ec. Tyrode 
bath. 
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Several experiments were performed substituting the contraction elicited 
in an anaphylactic gut for that induced by histamine. A guinea pig 
sensitized to egg white was used (fig. 6). Four initial stimuli, with the 
slide wire at 100, gave 4 small contractions, /, 2, 3, 4, of about equal magni- 
tude and duration. At E 0.5 cc. of + egg albumen in salt solution was 
added to the bath. After a few seconds, the same stimulus evoked a con- 
traction equal to the original response, 5. The next stimulus, 6, about 60 
seconds after the addition of the egg (and after the anaphylactic reaction 
as shown by shortening of the muscle had taken place), gave a powerful 
double contraction. A second stimulation, 7, evoked a contraction but 
little above the original (control) effect. Then an automatic contraction 
occurred. Another stimulus, with a moderate response, 8, was followed 
by a second automatic contraction. The next two stimuli, 9 and 10, were 
accompanied by moderate contractions, and slow recovery. 

Four stimuli of the same intensity, 11, 12, 13 and 14, were each followed 
by double contractions, with two small simple spontaneous contractions in 
between. By observation, these double contractions were the same as 
those reported above, first a longitudinal muscle response, then a circular 
muscle response, while the spontaneous contraction appeared to take place 
in the circular muscle only, though the longitudinal may have been active 
at the same time. Several more stimuli caused double contractions of 
approximately the same magnitude, decidedly above the control effect. 
To the bath was added (at F) 0.5 ce. of 7'5 formalin in Tyrode solution, 
which was followed by a depression, then by a loss of response to electrical 
stimuli, until finally even when the wire was at 10, a very faint contraction 
ensued. 

In the above experiment, a moderate anaphylactic reaction of the tissue 
permitted us to follow changes in response to electrical stimuli. Where a 
more violent reaction occurred, similar results were obscured, the behavior 
of the muscles being like those treated with doses of histamine sufficient to 
cause marked contractions. 

In this and certain later experiments (fig. 6, 2/-36) an attempt was made 
to analyze the conditions of irritability in these two muscle layers. The 
battery current was first reversed through the coil, which would reverse the 
directions of the make and break shocks, a make and a break timed closely 
together being employed as a stimulus as before. The character of the 
responses changed (27-28), the second maximum being almost abolished, 
with a corresponding diminution directly visible in the contraction of the 
circular muscles. When the original direction of the current was re- 
established, the circular musculature contracted again, with the same 
strength of shocks (29-30). : 

With this polarity, make and break shocks were applied separately 
(31-32 et seq.) and also with the reversed polarity (33-34 et seq.). The 
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slide wire resistance was decreased (100 to 50 cm.) and both makes and 
breaks applied again (35-36 et seq.). This series of results indicates a 
fairly constant amplitude of contraction in the longitudinal musculature, 
with a marked variation in the circular, depending in the first cases on the 
direction of current in the secondary circuit, and in the last case on the 
intensity as well. That is, in 32 the break shock is effective on the circular 
muscles, in 33 the make shock is about equally effective, and is of the same 
polarity as the previous break, while in 35, 36, both are effective, being 
stronger, though in opposite directions through the muscle. 

Make and break shocks from this coil are so nearly equal (see fig. 1) that 
these results are reasonable from the standpoint of current strength, but 
the matter of direction is more complicated. It appears that a shock of a 
given form through a constant circuit has an effect depending on its direc- 
tion only. The circular musculature, that is, appears to act in general in 
accordance with Pfliiger’s law for stimulation of nerves under the cathode 
in the body, in spite of the fact that each muscle cell should have a cathode 
at one point and an anode at an opposite point, in either direction of cur- 
rent. The current density is presumably greater at one point of each cell 
than at an opposite point, on account of diffusion of lines of current out 
from the electrode, and when these points are made cathodal, a greater 
response occurs than when the cathodes are opposite. 

Acceptance of this explanation, however, involves a further conclusion, 
that the two muscle layers are stimulated directly and independently by 
the current applied, conduction from one to the other not being the cause 
of the late contraction of the circular muscles. This hypothesis is con- 
sistent with the observation that the contraction is usually local at the 
level of the electrode. The latent period of the contraction in the circular 
musculature in these experiments is at least one second, while that of the 
longitudinal is not over one-tenth that amount. The induction shocks 
can last not over 0.01 second. 

In further support of such independence, it may be observed that in the 
longitudinal musculature the contraction wave is often slightly lower in 
response to shocks that cause the higher responses in the circular muscula- 
ture, and vice versa (27, 28 compared to 15-22 and 29, 30), the two systems 
acting in directly opposite manners to the stimuli in different directions. 


SUMMARY 


We have recorded changes in response of guinea-pig intestinal muscle to 
electrical stimulation when the outside of the gut strip is washed with 
solutions containing histamine or formalin in concentrations below thres- 
hold for contraction or lengthening respectively of the strip. Histamine 
increases such responses and formalin decreases them. Homologous pro- 
tein on muscle from a sensitized animal acts like histamine. 
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The further response to an electrical stimulus of a muscle already shor- 
tened by histamine measures its residual ability to contract, up to a con- 
centration where the histamine contraction is complete. 

These effects of histamine and formalin upon the circular and longitudi- 
nal musculatures have been differentiated by means of an apparatus 
designed to record their contractions separately. The circular musculature 
is altered more easily by the chemicals, responds only to shocks above the 
threshold for the longitudinal, and only after a longer latent period. 
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Experiments reported in a previous communication (Bishop and Kendall, 
1928) indicated that the response of smooth muscle to electrical stimulation 
was modified by the application of suitable concentrations of histamine and 
of formalin, and in opposite direction. Histamine appeared to augment 
the responsiveness, and formalin tended to restrain the response. Also, 
smooth muscle from sensitized guinea pigs, thrown into anaphylactic 
contraction, seemed to respond to electric stimuli in a manner comparable 
to muscle treated with histamine. Dilute formalin solution relaxed the 
anaphylactic contraction in a manner qualitatively reminiscent of the 
corresponding effect observed with histamine and formalin. 

These observations suggest that the effect of histamine and of anaphy- 
lactically induced contraction through application of the reagents to the 
mucosal surface of the intestine might be advantageously studied in a 
somewhat similar manner. There has been some disparity of opinion 
concerning the effects of histamine, and of the anaphylactic reactions, 
when the proper substances are applied to the mucosal surface of the gut 
in place of the serous aspect as is usually done. It has been stated in 
recent work, however (Kendall and Varney, 1927), that both histamine and 
the homologous protein in sensitized intestinal segments induce contraction 
when they are used in slightly alkaline solution, inside the lumen. 

DESCRIPTION OF APPARATUS. An apparatus of which a diagram is 
appended (fig. 1) was constructed to permit of the continuous irrigation of 
the inside of the gut as well as to record separately and simultaneously 
contractions induced in the longitudinal and transverse muscles of the gut. 

A short glass tube, A, of suitable diameter, over which one end of a 
segment of guinea-pig gut could be tied, contained an electrode. The 
extension of this electrode as a fine wire was attached to a lever, counter- 
poised by a light coil spring. This served both to conduct the stimulating 
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Fig. 1. Apparatus for irrigation and stimulation of intestinal segment with simul- 
taneous record of contractions. a, supply bottles; b stimulating coil, double switch 
and slide wire; c, lead to electrode inside gut, also suspension to lever for recording 
longitudinal contraction; d, lead to electrode outside gut in Tyrode solution bath s; 
e, glass tube 4 mm. in diameter over which upper end of gut is tied, with a fine air 
vent at top to be stopped with vaseline; f, inner jet delivering solutions inside gut; 
g, two glass rings slipped over tied ends of gut, making an adjustable slit at the level 
of the electrode ; h, solution level in manometer tube which connects with outflow from 
gut around the inner jet, f, and with the tambour 7 whose lever records changes in 
volume; j, air vent for reducing inside of tambour to atmospheric pressure; k, outlet 
and J, inlet screw clamps for regulating flow of fluid through gut; m, warming coil in 
outside bath, with waste outlet clamped at n, and air vent clamped at 0; p, level of 
inside bath, h-p = manometer pressure when / is open, regulation tension in circular 
muscle; g, spring counterpoising lever and regulating tension on longitudinal muscle; 
r, outside bath kept at 37°C., s, inside bath of Tyrode solution. 

The central apparatus made in one piece of pyrex glass is clamped to be raised from 
the bath as a unit, the gut washed free of detritus is tied in place and the system freed 
from air bubbles. The desired level at m is obtained with j open, then / and k are 
adjusted to the proper rate of flow to keep A constant. The differences of pressure 
a-h and h-k should be large to obtain a steady flow, and k may be adjusted occasion- 
ally as required to maintain h constant. If these clamps are opened too wide the 
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current and to record contraction of the longitudinal muscles on a revolving 
drum. 

The lower end of the gut was connected with a tubular irrigating system 
whose construction is best comprehended by reference to the diagram. 
The flow of irrigating fluid could be so regulated that a manometer com- 
municating with it recorded changes of volume in the gut. 

In the practical operation of this apparatus the intra-intestinal pressure 
and longitudinal tension were adjusted in such a manner that the gut was 
distended uniformly to the diameter of the supporting glass tubes (4 mm. 
diameter). Contractions of the longitudinal muscle therefore may cause 
a relatively large excursion of the lever recording change in length, while 
passive relaxation of the circular musculature allows of but a slight change 
of volume in the manometer as recorded by the tambour. Contractions 
of the circular muscle, on the contrary, cause a relatively large change in 
volume with a correspondingly small change in length. Owing to the 
usual time lag between longitudinal and circular contractions, especially 
for electrical stimulation, and in spite of some overlapping in the record of 
contractions of the two muscular systems, the effects could be differen- 
tiated as double humped curves, in which one or the other effect predomi- 
nates. These effects were always checked with direct observation. Dur- 
ing irrigation, the manometric record was not so definite as when the flow 
was stopped, owing to leakage from the manometer tube into the irrigating 
system. 

EXPERIMENTAL. When the gut was distended by about 2 em. of water 
pressure, both the longitudinal and circular muscles usually showed 
rhythmic contractions. The rhythmicity of the circular muscles could 
be abolished by irrigation at this same pressure with warmed oxygenated 


change in pressure at h upon contraction of the muscle is slight, due to leakage. The 
system may be washed out with a different solution as far as n, and the time required 
to wash the new solution from n to the gut segment is just sufficient to readjust the 
flow, provided no complications arise. 

Diameter of inside bath, 3.5 cm., length f to h, 10 cm., outside diameter of tube 4 
mm., length of coil m 150 cm., rate of flow 2 to 4 drops per second, change in level of 
h with a good local contraction in the circular musculature of a 1 cm. segment of gut, 
about 5 mm. 

The screw clamp / and the stopcocks above it may be satisfactorily replaced by a 
three-way Y stopcock between n and o fused onto the main apparatus. Separate 
leads from the two supply bottles a through separate coils m then lead to the two 
branches of the stopcock on the outer side. The stopcock core has fine grooves filed 
in it extending a short distance from the holes, to facilitate fine adjustment of the 
flow. Beyond the clamp k is then placed a cotton plug forced into the outlet tube 
tight enough to give the desired flow, and the supply of different solutions regulated 
through the stopcock to maintain the desired level ath. Aside tube near k is added 
to free the system of air, and a bulb packed loosely with cotton is inserted as a strainer 
below it. 
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Fig. 2. Irrigation of } cm. gut segment with oxygenated Tyrode solution. Upper 


line longitudinal lever record, middle, circular muscle volume record, lower, time in 
seconds, with record of stimulus as extra beat. Each stimulus consists of a make and 
a break shock timed closely together. A, slight circular muscle record as second 
hump in middle line following record of large longitudinal contraction, during irriga- 
tion. B, ten minutes after stopping flow. Circular muscle contraction more pro- 
nounced. C, fourteen minutes after stopping irrigation. D, after two minutes of 
irrigation, immediately following C: Stimulus constant, except first two in C, which 


were twice the strength of the rest. 


Fig.3. Irrigation with histamine solution. Upper line, longitudinal, middle circu- 
lar, lower, time in seconds and stimulus record. Stimuli at 1, 2 and 3 were 
of strengths in the ratio1:1.5:3. A at start of irrigation with Tyrode, circular muscle 
gives marked contraction (at 1) following longitudinal contraction by a long latent 
period. 8B, ten minutes after start of irrigation, no circular muscle contractions can 
be elicited even by the stronger stimuli. C, at O, irrigation fluid changed from Tyrode 
to histamine acid phosphate 1:15 million (free base, 1:45 million), slight circular 
contraction at 3, and rhythm in circular musculature, with greater response in longi- 
tudinal. D,5 minutes after C, circular response at 3. At 4, a series of several stimuli. 
at the same strength called forth summated responses in both musculatures, the 
longitudinal responding immediately, the circular only at the end of the series of stimuli. 
The circular musculature can often be inhibited by repeated shocks for several 


seconds, to respond at the end of the stimulation. 
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Tyrode solution. At the same time electrical stimuli which previously had 
caused. responses in both the longitudinal and circular muscles now in- 
duced little or no response in the circular muscles, although still giving 
good contraction in the longitudinal muscles (fig. 2). If the irrigation was 
stopped, the rhythmicity and response of the circular musculature to 
electrical stimuli gradually returned. After a few minutes it became 
normal. This phenomenon was found to be reversible. Thus, in one 
experiment of three hours duration the cycle was repeated four times 
upon the same piece of gut. 

When the circular musculature has become non-rhythmic as a result of 
irrigating with oxygenated Tyrode and also non-responsive to electric 
stimuli both the responsiveness to electric stimuli and rhythmicity could 
be restored by the addition of histamine to the irrigating fluid (fig. 3). 
The amount of histamine required was less than sufficient to cause percep- 
tible shortening in the longitudinal musculature. It should be emphasized 
that higher concentrations of histamine in the irrigating fluid caused first 
greater rhythmicity, then finally contraction of the longitudinal and cir- 
eular musculature. It will be recalled in this connection that the Tyrode 
solution is well buffered and slightly alkaline in reaction. 
|. Precisely similar experiments were performed in which pieces of gut 
frem guinea pigs sensitized to egg white were irrigated with 1: 1000 solution 
of egg white in Tyrode solutions (fig. 4). The first effect was an increase 
in the rhythmicity, and shortening of the piece of gut, which recorded upon 
the drum and was easily seen. The effects of the anaphylactic reaction 
upon response of the gut musculature to electrical stimuli were the counter- 
part of those observed with histamine. The results thus elicited in the 
sensitized piece of gut were reminiscent of those produced by histamine 
under the same circumstances. 

Dilute formalin solution, added to the Tyrode bath outside the gut, 
stopped the rhythmic contraction in the non-irrigated preparation. It 
also abolished rhythmicity induced by either histamine or anaphylaxis. 
Furthermore, dilute formalin relaxed tonic shortening induced either by 
histamine or anaphylactically. Finally, dilute formalin solutions lowered 
and eventually abolished response to electrical stimuli under these con- 
ditions. 

As stated in a previous report, for solutions applied externally, here also 
appropriate concentrations of formalin neutralize the effects both of his- 
tamine and of anaphylaxis, and thereby restore the muscle to approximately 
its original ability to respond to electrical stimuli. 

Discussion. There is a significant feature common to all these experi- 
ments, involving simple irrigation, irrigation with histamine and irrigation 
with specific homologous protein. When a strip of gut is irrigated with. 
oxygenated Tyrode solution, both rhythmicity and reactivity to electrical 
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Fig. 4. Irrigation of sensitized muscle with egg white in Tyrode solution. Upper 
line volume tambour record, middle, longitudinal muscle lever record, lower, time 
in seconds and stimulus record as in figures 2 and 3. A, irrigation with oxygenated 
Tyrode solution. Egg white in Tyrode started at O. Circular muscle not rhythmic 
at A, upper line not recording from Oto B. B,3 minutes after D, rhythm in circular 
muscle and contraction upon stimulation, with increased rate of rhythm in longitu- 
dinal. C,same,6minutesafterO. D, 12 minutes after egg white at O, and 2 minutes 
after 1:20,000 formalin in Tyrode (30 per cent formaldehyde) in bath outside gut, 
rhythm and contraction of circular muscle abolished, rhythm of longitudinal muscle 
slowed. EF, 3 minutes later. Shortening can be seen in A shortly after O in the lon- 
gitudinal musculature, gradual relaxation in B and C, and further relaxation under 
formalin. As the muscle shortens under anaphylaxis, the responses of the longitudi- 
nal muscles to stimulation become lower, and vice versa under formalin. 

All records checked by visual observation of the gut segment. 


‘ 
T 
/ 


568 ARTHUR ISAAC KENDALL AND GEORGE H. BISHOP 


stimuli are depressed. This suggests that some substance responsible in 
part at least for reactivity has been washed away, which, however, may 
reaccumulate upon standing without irrigation. 

Irrigation with histamine or with the homologous protein in sensitized 
strips of gut restores reactivity in spite of the presumptive absence of this 
hypothetical substance. It would appear, therefore, that histamine or 
the reactive material produced in the sensitized animal upon irrigation with 
homologous protein-can replace to some extent the hypothetical substance 
in the functioning of the muscle. 

It has been observed in all these experiments that the longitudinal mus- 
culature is more reactive in that it is less easily depressed by formalin, or 
by washing, and in that it responds more readily to histamine. This is 
consistent with the fact that the longitudinal musculature responds quicker 
and with a lower threshold to electrical stimuli. It is even not incompati- 
ble with the observed facts that conduction from muscle fiber to muscle 
fiber might be affected by the diffusion of substances produced in the active 
fiber itself. This is not to be construed as prejudicial to the current belief 
that a nervous mechanism is also involved in normal conduction. These 
gut segments can scarcely be said to function normally as compared to the 
intestine in the body. 


SUMMARY 


Irrigation of the mucosa of a segment of gut with oxygenated Tyrode 
solution abolishes rhythmicity and depresses the response to electrical 
stimuli, especially of the circular musculature, the gut being distended 
within physiological limits, to allow thorough washing. 

This phenomenon is reversible upon stopping the irrigation, the intra- 
intestinal pressure remaining the same. 

Addition of histamine in threshold doses to the irrigating fluid under 
otherwise the same conditions restores rhythmicity and response to electri- 
cal stimuli. Larger amounts cause shortening. 

The addition of homologous protein to the irrigating fluid, applied within 
a segment of gut from a sensitized animal, causes shortening, rhythmicity 
and increased response to electrical stimuli. 

Formalin added to the Tyrode bath fluid outside the irrigated gut 
relaxes and depresses the muscle, whether under the irifluence of histamine 
or in moderate contraction induced anaphylactically. 


BIBLIOGRAPHY 


Bisuop, G.H.anp A. I. Kenpatu. 1928. This Journal, Ixxxv, 546. 
KenpDAat., A.I. ano P.L. Varney. 1927. Journ. Inf. Dis., xli, 143, 156. 


THE ANALYSIS OF INDIVIDUAL WAVES IN THE PHRENIC 
ELECTRONEUROGRAM 


HERBERT S. GASSER 


From the Pharmacology Laboratory, Washington University School of Medicine, 
St. Louis, Mo. 


Received for publication May 16, 1928 


In the problem of the innervation of skeletal muscle by the nervous 
system, the question of the number of times per second a single motor 
axon is occupied is of considerable interest and, in spite of the large amount 
of attention which has been given to it, is still unanswered. Records of the 
potential changes in muscle (or, where possible, in its motor nerve) show 
that the innervation occurs in waves, which are uneven in size and have on 
their surfaces irregularities often called secondary waves. The difficulty 
has occurred in the interpretation of such records and opinions differ as to 
whether a single nerve fiber is active only once in the larger waves, whether 
repetition occurs during the course of one wave cycle, thereby possibly 
accounting for the secondary waves, or whether alternating activity of 
fibers occurs in successive waves. The basic rhythm may thus possibly 
be greater than, the same as, or less than the apparent rhythm. As the 
general development of the problem may be found in recent papers by 
Bass and Trendelenburg, Hoffmann, Wachholder, Cooper and Adrian, 
Forbes and Olmsted, Dusser de Barenne and Brevée, Fulton and Richter, 
it is unnecessary to repeat it here. Aside from a few experiments with the 
capillary electrometer the researches have been done with the string 
galvanometer and the arguments based on the records have rested more on 
the number of waves than on their form. In the present research the 
waves were recorded without instrumental distortion and the arguments 
are based upon their shape alone. 

Mrtuop. The phrenic nerve was selected because it is the one nerve 
from which records can successfully be made. Under morphine-ether 
anesthesia the chest of a dog was opened; one phrenic nerve was isolated 
for several centimeters below its entry into the chest, the whole nerve not 
being used so as to avoid conduction over a long unprotected stretch. The 
end of the nerve was freed of its sheath and then mounted on a pair of 
Ag-AgCl electrodes serving as leads to the first panel of a three panel 
amplifier, the proximal electrode connecting the intact side of the nerve 
to the ground, the distal one connecting the killed end to the grid. When 
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the nerve was desheathed, about 4500 fold amplification with three panels 
was sufficient for recording with the Braun tube oscillograph. The pub- 
lished records are so made, but for others, four panel amplification was 
employed. While the latter records were larger, they gave no additional 
information; and the instability at the high amplification caused much 
greater technical difficulties. 

As this is the first instance of the application of the Braun tube to the 
study of nerve activated by the central nervous system, some description 
of the technique is necessary. The method of recording single waves of 
activity from artificial stimulation has recently been briefly described in 
the Proceedings of the American Physiological Society (1928). The pro- 
cedure is very similar for discharges from the central nervous system. 
The Braun tube must be used with an anode-cathode voltage of about 400 
and the records be made on very fast film (Eastman duplitized x-ray 
film). The time line (abscissa) was of sufficient length to leave the fluo- 
rescent screen of the tube on both sides. The resting spot was held electro- 
magnetically on the left side of the tube at some distance from the 
screen and deflected electrostatically across the latter with a potential 
sufficient to carry it well beyond the screen’s limits. The velocity of 
deflection was determined by the charge of a condenser, but in order to 
make the time a more linear function of the abscissa than occurs with a 
condenser charge, a vacuum tube was inserted in series with the condenser. 
Due to the method of controlling the abscissa, the time could not be 
calculated, but had to be measured directly. This was done immediately 
after a nerve record with the aid of a tuning fork having a frequency of 
100, arranged to interrupt a current established in the input circuit of the 
amplifier. For the purpose of superposing the time and potential records, 
an India ink line was drawn vertically across the face of the tube so as to 
produce a white orientation line on the film. 

Since it was desired to study inspirations of maximum amplitude the 
artificial respiration was stopped until the dyspnea was optimum. This 
occurred just before the stage of stimulation began to pass over into 
depression. The observer then placed the film over the screen of the tube; 
an assistant brought the filament to full current, immediately established 
the anode-cathode voltage with a spring contact key, and opened a second 
key which permitted the condenser controlling the abscissa to charge. 
After the film had been exposed the anode-cathode voltage key was 
released as soon as possible, in order to darken the tube and eliminate more 
than necessary fogging of the film by the diffuse illumination of the screen 
by scattered electrons. A method depending as much as this one upon 
the chance of catching the right part of the respiratory cycle resulted in 
many failures, but on the other hand it avoided the more difficult technique 
of moving film in long strips rapidly across the screen of the tube. 
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Fig. 1. February 29, 1928. Phrenic electroneurograms made with cathode ray 
oscillograph. la—Record of the phrenic action potential from artificial stimula- 
tion. The time scale is the same as at the middle of figure 1. 

Figs. 2, 3 and 4. March 9, 1928. Figure 2, phrenic electroneurogram. The 
phrenic action potential from artificial stimulation is shown in figure 3, and in 
figure 4 it is plotted together with waves | and 4 of figure 2, using the same codrdinate 
system for both. 

Fig. 5. The action potential of the artificially stimulated nerve and wave 1, 
figure 1, plotted on the same codrdinate system 
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Resvutts. In many respects the oscillograph records confirm the poi: 
apparent in studies with the string galvanometer. There is a defini 


apparent rhythm in the neighborhood of 100 per second. The successi\ 


individual waves vary in size and shape but in general it may be said th 
as the inspirations become deeper the waves become higher and mo: 
regular in contour. 

It is the purpose of this paper to analyse the manner in which the fiber 
of the phrenic nerve are occupied in single volleys, or if we include thi 
intervals between the volleys, in single discharge periods. One fact strikes 
the observer at once on looking at the records (fig. 1), namely, that in 
many periods activity was confined to the early portion, and that the spot 
was quite undeflected during the later portion. That the spot was actually 
quiet in the intervals was borne out by experiments in which four-pane!| 
amplification was employed; the spot still remained on the base line during 
the interval. In other periods the tracings indicate activity of some fibers 
of the nerve throughout the period, the occupation being irregular enough 
in many cases to give secondary waves. 

Since the area of a potential curve is directly proportional to the active 
fraction of the total cross-sectional area of the nerve fibers (Gasser and 
Erlanger, 1927) it is possible to estimate in the active phrenic the portion 
of the nerve momentarily occupied and the portion occupied during the 
whole course of awave. To do this records were made of the form of the 
action potential of the nerve when it was artificially stimulated with 
supramaximal induction shocks. Figure la illustrates on the same ab- 
scissae as the rest of figure 1, but on different ordinates, an action potential 
from a single induction shock. But to get the form accurately the waves 
were recorded with a rapidly moving spot and with the employment 
of repeated stimulation (fig. 3). The leads from the nerve to the amplifier 
for the respiration records were unshunted, but an unshunted lead from 
the artifically stimulated nerve gave an amplified potential too large for the 
sereen of the oscillograph or for a linear ordinate. Therefore, input shunts 
were necessary, but as these were non-reacting the actual potential de- 
livered at the surface of the nerve could be caleulated from the height of 
the waves as recorded with two different shunts of known resistance. In 
actual practice the calculations were checked by using a series of shunts; 
and in some experiments a further check was made by determining the 
resistance of the nerve when placed in a bridge whose source of current was 
a thousand eycle oscillator and for which the Braun tube was used as a 
null instrument. 

The nerve was exposed to a very warm room temperature (about 26°), 
but one considerably subnormal for it; and it has been our experience 
with cooled mammalian nerve that when stimulated repeatedly at rates of 
50 per second or even less, it may not be able to conduct full size impulses, 
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as determined by the size of a response to a single shock. If the nerve be 
fresh the size of the impulse may be very slightly subnormal, but in a 
deteriorated nerve it may fall off grossly. This is in accordance with what 
happens in a portion of a nerve which passes through a narcotization 
chamber. The portion of the nerve in the chamber cannot conduct im- 
pulses at the rate which is possible outside the chamber. In view of this 
fatigue phenomenon in nerve it was necessary either to stimulate the nerve 
at a rate comparable with that in its physiological activity or to deal only 
with fresh nerves in which the size of response did not fall off appreciably 
with the number of stimuli per second. The latter was the one adopted. 
If the size fell off significantly when the rate was increased from 30 per 
second to 60 per second the experiment was discarded. 

To compare the respiratory records with those of the artificially stimu- 
lated nerve, the two were plotted on the same coordinate system after making 
the necessary corrections. As an aid in the measurement of the respira- 
tory records for this purpose the films were enlarged by optical projection. 
Some of the results in two experiments are seen in figures 4 and 5. The 
constituents of the artificial wave had a temporal dispersion produced by 
not over 1 em. of conduction; that is, the waves were slightly longer than an 
axon action potential. Even so, it is seen that a volley from the nervous 
system is long enough to outlast 3 to 5 such waves (in one experiment 7). 
According to the conditions of the experiment, most of the dispersion of 
the constituents of a volley must have taken place in the nervous system 
and not in the nerve. 

One of the suggestions that has been made concerning the axon rhythm 
during the innervation of the diaphragm is that repetition of activity may 
occur in one nerve fiber during the course of a single wave (Fulton, p. 477). 
The fact that the second response would be very much under-sized unless 
it occurred at the end of the period, when the nerve activity is usually 
zero or very slight, decreases the probability of such an occurrence, but 
more direct evidence on this point may be derived from measurements of 
the areas of the curves. With artificial stimulation all the fibers are 
active, both sensory and motor; but Sherrington states that in a nerve toa 
muscle the proportion of afferent fibers to total myelinate fibers ranges from 
a little more than a third in some cases to a full half in others. He also 
specificially mentions the phrenic as containing many afferent fibers, so 
it is apparently no exception to this rule. Now, assume that 60 per cent 
of the fibers of the phrenic are motor-and that the distribution, as to size, 
of the sensory and motor fibers is the same (the assumption as to dis- 
tribution is justified by the absence of the smaller variety of afferent fibers 
in this nerve (Gasser and Erlanger, 1927, p. 538)). Then, if the area of a 
volley be greater than 60 per cent of the area of the artificial wave, we 
would have evidence for repetition within single axons during the volley; 
if not, there would be no necessity for such a postulate. 
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The areas of the various waves as plotted on a large scale were measured 
by means of a planimeter, with the results presented in the following table. 
The areas are in arbitrary units different for each experiment. 

In each experiment the largest volleys to be found in the records are 
chosen for measurement, and as maximum inspirations were recorded the 
data refer to the greatest activity of the nerve which could be obtained 
experimentally. It is evident that in some of the very largest volleys the 
areas are large enough to indicate occupation of approximately all the 
motor fibers once in the course of a volley. But for most waves there is 
considerably less than maximum occupation and there is no necessity for 
the assumption of repetition. In the experiment of figure 2, periods of 
activity are chosen where activity occurred throughout the period, 2, 
where it was confined to the beginning, /, and where it was so divided as to 


TABLE 1 
ante o | AREA OF THE WAVE 
EXPERIMENT VOLLEY FROM THE | 
| CENTRAL NERVOUS | 
| | 4 
SYSTEM 
( 1*—2.7 
2 —2.7 
| 3 —5.6 
| 4 —2.2 
(| | 
February 29, 1928..............4 ry 85 14.6 | 8.8 
\ | 


* The numbers identify the waves in figure 2. 
In figure 1. 


give a secondary wave, 4. In each case the areas are less than an area 
which would be produced by all the motor fibers. Wave 3 may be inter- 
preted as the fusion of two volleys. It has sufficient length and its area is 
so great that many of the motor fibers must have responded twice. 

The number of phrenic motor fibers active simultaneously at one point 
cannot be accurately estimated on account of the great overlapping of the 
axon potentials due to temporal dispersion, but its maximum value would 
not be much over one-quarter of the total. 

Relation of the apparent rhythm to the axon rhythm. In the case of the 
phrenic nerve one can scarcely study the records without being convinced 
of the existence of a rhythm. The complete pauses between intervals of 
activity afford considerable support to such a conclusion. We have just 
discussed the improbability of the axon rhythm being faster than the 
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apparent rhythm; the question also arises, can it be slower. When maxi- 
mal waves succeed one another, the axon rhythm for most fibers must equal 
the apparent rhythm. But often the great irregularity in the size of the 
waves precludes the possibility of the same fibers being active in two suc- 
cessive periods. Some fibers must be occupied considerably less often 
than the number of waves per second but it is also true that as fibers pass 
into and out of activity they come back into action in a rhythmic relation- 
ship to the ones which have just been active. There must be some factor 
coérdinating the cervical motor neurones and preventing random dis- 
charge, particularly since the same rhythm appears in the phrenics of the 
two sides (Gasser and Newcomer, 1921). 

In view of the difficulty in obtaining records from other skeletal-motor 
nerves, one should not generalize concerning the innervation of muscle 
from the case of the diaphragm. The diaphragm rhythm is extraordinarily 
inaccessible to modifying factors (Williams, Smith and Gasser) and accord- 
ing to P. Hoffmann and Strughold it possesses no myotatic reflexes such as 
modify the rhythm in other muscles. 


SUMMARY 


The action potentials in the phrenic nerve during inspiration were 
recorded by means of the cathode ray oscillograph. 

In addition to the characteristics of the electroneurogram shown by 
former methods it was shown that the individual volleys may be separated 
by complete pauses and that the volleys have a duration three to seven 
times that of an axon action potential. ; 

A comparison of the areas of the largest volleys with the area of a 
maximum action potential produced by artificial stimulation shows that 
the volley areas are never larger than the portion of the action potential 
area attributable to the motor fibers. Approximately all the motor fibers 
may be occupied in a large volley, but in most volleys the number of active 
fibers is well below maximum. There is therefore no reason to assume 
repetition in a single axon during one volley. 


The expenses of this research have been defrayed in part by a grant from 
the Ella Sachs Plotz Foundation. 
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In previous papers from our laboratory one of us (Rowntree 1923) 
described what he designated as “water intoxication,’ and Greene and 


Rowntree (1927) have reported the effect of the administration of 
excessive quantities of water on the volume and concentration of the blood, 
on its non-protein constituents and on the body temperature. While this 
work was in progress, a study of the water content of various organs 
during water intoxication was carried on by Greene and Rowntree (4). 
They demonstrated that the water content of all tissues was increased to a 
variable degree; the increase in the liver amounted to about 12 per cent. 


It was believed that this “waterlogging’’ might be sufficient to produce 
changes in the functional activity of the organ. We also wished to 
ascertain whether or not the flow of bile could be augmented by excessive 
ingestion of water since it has been shown clinically that the intravenous 
administration of solutions of glucose or sodium chloride will increase the 
drainage from biliary fistulas in cases of so-called hepatic toxemia. In 
order to study these points, we administered large quantities of water to 
dogs with permanent biliary fistulas and noted the effect of the procedure 
on the volume and composition of bile. 

Data on the alterations in biliary flow produced by the forced administra- 
tion of fluids are not abundant in the literature. Westphalen (1873) 
observed a patient with a thoracic biliary fistula and noted that by forcing 
fluids to the point of doubling the output of urine, the urinary specific 
gravity fell from 1.022 to 1.011 but the total quantity or the concentration 
of the bile was not affected. Peiper (1882) believed that increased fluid 
intake served to flush out the biliary passages; Gumprecht (1895), in 
reviewing the subject, was not impressed with the cholagogue effect of 
water, and Stadelmann (1896) stated that the water intake did not have 
any effect on the flow of bile. 

More recently Gundermann (1923) and Walzel and Weltman (1923) 
who observed human subjects with biliary fistula, found that the output 


old 


578 ALBERT M. SNELL AND LEONARD G. ROWNTREE 


of bile was practically independent of the fluid intake. Specht, studying 
both patients and experimental animals, found that the intravenous, 
subcutaneous, or oral administration of fluid did not affect the amount of 
bile produced, nor did the specific gravity, total solids or salt content of 
the bile change under such treatment. 

Brugsch and Horsters gave 1750 ec. of water by stomach tube to a dog 
with a biliary fistula, and did not find any appreciable effect on the volume 
or composition of bile. They showed, however, that the production of bile 
is not entirely independent of the fluid balance of the body, since diuretics 
such as merbaphen (novasurol) and caffeine not only increased the urinary 
output of water and salts but also reduced the volume of bile and 
increased the percentage of its solids. The experience of all three investi- 
gators may be summarized by the general statement that the forced 
administration of water does not have a significant effect on the amount of 
bile coming from biliary fistulas in human subjects or experimental animals. 
This statement does not hold if water is given greatly in excess of physio- 
logic needs, as will be shown in the study presented here. 

METHOD OF EXPERIMENTATION. Dogs with permanent biliary fistulas 
were used in all experiments. Some of the animals were prepared accord- 
ing to the technic of Rous and McMaster (1923), and others according 
to that of Mann (1922). Both types of fistula seemed to be equally 
satisfactory; difficulties with ascending biliary infection or obstruction were 
not encountered in either. Care was taken to avoid the extraneous factors 
emphasized by McMaster, Broun and Rous, which affect the flow of bile. 
At least from seven to ten days were permitted to elapse after operation 
before the experimental work was begun; animals with intercurrent 
respiratory disease were not used, and the temperature of the laboratory 
was fairly constant. All experiments were performed on cool days, most 
of them during the autumn and winter months. A constant diet of milk 
and dog biscuit was used throughout. Food was not given during the 
experiments or on control days. The animals were permitted to exercise 
for a brief period daily (when not actually in use for the experiment), and 
no attempt was made to prevent licking of the fistula. Water was avail- 
able in the cages, except on control days. 

Water intoxication was produced by the method described in the 
previous papers of this series, (5, 6, 15, 16), 50 ce. of tap water being given 
hourly for each kilogram of body weight. In other experiments, half this 
quantity of water was given and the resultant variations in biliary flow 
observed. 

The dogs were kept on a table during the course of the experiment; 
slings were rarely employed. Most of the animals did not require restraint 
except during the later stages of water intoxication. Specimens of bile 
were collected at intervals of from one to two and a half hours over a period 
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of twelve hours. Twelve-hour night specimens were also collected in some 
instances, but since we were particularly interested in hourly variations this 
was not done in all experiments. This method of collection was followed 
during control periods and during the administration of fluids. 

The animal remained in fairly good condition throughout the experi- 
ments; the usual decline in general health in dogs with biliary fistulas was 
noted in some instances. The effect of this change on the outcome of the 
experiments will be mentioned in the discussion of results. The general 
condition of the animal did not seem to be greatly affected by the adminis- 
tration of water after the period of acute intoxication had passed. Not 
more than two such periods of intoxication were produced in any one animal, 
and the animal was allowed to recover completely between experiments. 

The bilirubin content of the bile was determined by a modification of the 
van den Bergh method (7) and the bile acid content by the Pettenkofer 
value method of Aldrich and Bledsoe. Since this method employs glyco- 
cholic acid as a standard, our results are given in terms of this substance. 
To convert this figure into terms of taurocholic acid, the only bile acid in 
dog’s bile, an addition of approximately 10 per cent of the reading given is 
required. 

Discussion. The normal output of bile in dogs is variable, but is fairly 
constant for individual animals under uniform conditions. The composi- 
tion of the bile is also variable; the pigment concentration shows the 
greatest variations, and is affected by many factors; exercise, temperature, 
and intercurrent infection are among those noted by McMaster, Broun 
and Rous. In their animals the average normal pigment output for each 
cubic centimeter of bile was about 1 mgm. but in the experiments it varied 
from 0.3 to 8 mgm. for each cubic centimeter, the fluid output and pigment 
concentration being in reciprocal relationship. Figures for the bile acid 
output in normal animals are given by Foster, Hooper and Whipple and 
by Wisner and Whipple. The normal twenty-four hour output of these 
substances varies from 0.5 to 2 grams; the night and day secretion varies 
but little, according to these writers, and the amount of bile acids secreted 
during hourly periods on any given day is fairly uniform. Our figures for 
normal animals correspond closely to the foregoing. There is, however, 
a tendency for the concentration and total output of bile acids to diminish 
in animals in which a biliary fistula has been present for long periods. 

EXPERIMENTAL OBSERVATIONS. The administration of water in large 
amounts (50 ce. for each kilogram of body weight) every half-hour produces 
a temporary decrease in the amount of bile obtainable from animals with 
permanent biliary fistulas. It also produces a decreased total output of 
bile acids and under certain conditions a decrease in the concentration of 
bile acids. The duration and extent of these changes depend on the 
condition of the animal. 
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The first dog used was a young female, weighing 12 kgm., in excellent 
condition, and on whom a Rous-Mc Master type of common duct intubation 
had been performed especially for this experiment. The results of water 
intoxication as compared with the control are shown in table 1. It may be 


TABLE 1 


Changes in the volume and composition of bile following the administration of excessive 
amounts of water 


Weight of dog 12 kgm. 


BILE 
| Bile acids 
DATE TIME COMMENT 
| 
$ 3 
2 
( 9:15 a.m.-10:15 a.m. 3.7/2,840| 105 
10:15 a.m-12:15 p.m. 6.6/2,780) 190 
| 12:15 p.m— 2:15 p.m. 7.6|2,200} 167 
9/5/27* 2:15 p.m— 4:15 p.m. 6.1|2,530| 154 
| 4:15 p.m— 6:15 p.m. 6.2|2,400| 149 
6:15 p.m— 9:15 a.m. 68 360) 925 
{| Total twenty-four hour output |98.2 1,690 
9:15 a.m—10:00 a.m. 2.9|1,450) Preliminary drainage 
| (forty-five minutes) 
10:00 a.m.—12:30 p.m. 11.8)/1,350} 159) Water administration 
| begun (50 cc. foreach 
| kgm. each half-hour) 
12:30 p.m.- 2:30 p.m. 6.8/1,540| 105 
2:30 p.m— 4:30 p.m. 7.1|2,320) 165 
9/6/27 ; 4:30 p.m.- 6:00 p.m. 3.0/1,680} 50) Convulsions at 6:05 
| p.m. Water discon- 
tinued 
6:00 p.m— 8:00 p.m. 1.9/2,470| 47 
| 8:00 p.m.—10:00 p.m. 4.0/2,650} 108} Animal recovering rap- 
idly 
10:00 p.m—12:00 p.m. 13.2/2,900| 382 
12:00 9:00 a.m. 42 .0)1,480} 620 
(| Total twenty-four hour output 92. 7| 1,678) 


*Control period of twenty-four hours. 


noted that neither the twenty-four hour output of bile nor of bile acids was 
influenced; although there was a temporary decrease in the volume of bile 
and of bile acid content during the period of actual water intoxication, this 
was followed by an increased flow of bile which brought the total output of 
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TABLE 2 

Changes in the volume and composition of bile following administration of excessive 
amounts of water 

Weight of dog 10.4 kgm. 


BILE 


| Bile acids | Bilirubin! 


= | | 2 | = 
| 2 | 2 3 
| 9:00 a.m-10:00 a.m. | 11.5)1,230] 142) 23) 2.6 
11:00 a.m. | 12.0) 992) 119) 30) 3.6) 
| 12:00 m. | 12.0} 690} 83) 31| 3.7 
1:00 p.m. 10.5) 725 76} 25) 2.6 
2:00 p.m. | 10.5) 673) 71| 21) 2.3 
3:00 p.m. | 10.3} 833} 34) 3.5 
4:00 p.m. | 9.0} 818} 74) 42) 3.7 
5:00 p.m. | 775) 69) 72| 6.4 
1/18/28* 6:00 p.m. | 8.9] 848) 75) 54 4.8 
7:00 p.m. | 8.7] 883) 77} 62) 5.4 
8:00 p.m. | 6.5/1,115) 73) 74) 4.8 
9:00 p.m. | 8.7) 858} 73) 54) 4.7 
10:00 p.m. 7.7| 89) 71) 5.5) 
1 11:00 p.m. | 7.3} 885) 65) 50) 3.7 
12:00 m. | 7.9) 950} 66) 3.7 
|} 12:00 m.-9:00 a.m. 37.0|1,220) 451) 7427 3 
\| Total twenty-four hours |177. 4 1,689} 
| | 
| 8:45 a.m-9:45 a.m. 8.3/3,700, 307, 54 4.5, Control period of 
| preliminary drain- 
| age. Adminis- 
| | | | tration of water 
| | begun 9:45 a.m. 
| | (50 cc. for each 
| kilogram each 
| | half-hour) 
10:45 a.m. 9.3)3,675| 342) 29) 2.7 
11:45 a.m. 6.3/2,110} 132| 37| 2.4 
1/20/28 12:45 p.m. 2.9]1,195] 35] 75) 2.2 
1:45 p.m. 3.0)1,115| 34) 79) 2.4 
2:45 p.m. |} 2.1) 945) 20) 87) 1.8 
3:45 p.m. 4.0} 903} 36, 68) 2.7, 
| 4:45 p.m. | Specimen lost | 
5:45 p.m. | 825] 21] 84) 2.1 
6:45 p.m. 2.0} 830} 17/105, 2.1) 
7:45 p.m. | 2.0} 685) 14117) 2.3) Convulsions at 7:20 
| p.m. Water dis- 
continued 
8:45 p.m. } 2.7) 618) 17/114 3.1 


is 
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TABLE 2—Concluded 


BILE 


| Bile acids | Bilirubin! 


COMMENT 


Total mgm.| 


fgm. per 
| Total mgm. 


Mem. per 


Output, ee. 


Little urine voided 


9:45 p.m. 
745 p.m. 
p.m. 

2:45 a.m. 
745 a.m. 

2:45 a.m. 
715 a.m. 
745 a.m. 
:45 a.m. 

8:45 a.m. 


NNN 


SIN ROO 
kK WWW We 


Large quantity of 
urine voided 

_1.8) Dog in fairly good 

condition but weak 


745 a.m. 


2) 
4) 


~ 


\| Total twenty-four hours| 68.0 


* Control period of twenty-four hours. 


Water 50 ce for each 


Lote! outpu 
N 


| 
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| No 
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0246 8 10 12 14 16 
Water intoxication 


Bilirubin 


Fig. 1. The effect of water intoxication on the volume and composition of the 
bile. 


bile and bile acids for twenty-four hours up to the level of the control 
period. 

The results obtained in the second dog were somewhat different. This 
animal was older and considerably less vigorous. A bile fistula was 
performed according to Mann’s technic a week before the experiment. 
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TABLE 3 
Changes in the volume and composition of bile following the administration of excessive 
amounts of water 
Weight of dog 9 kgm. 


BILE 


| Bile acids 


COMMENT 


Output, ce. 


Mgm. per 
cent 
| Total mgm 


6.3)1,340} 84) Control collection begun 
| | after preliminary drain- 
age twelve hours 


765 
750| 
735) 
992 
760) 
740! 
S48 
965 


S 


9:00 a.m—10:00 a.m. 
10:00 a.m.—11:00 a.m. 
11:00 a.m.~12:00 m. 

12:00 m. — 1:00 p.m. 
1:00 p.m— 2:00 p.m. 
2:00 p.m.— 3:00 p.m. 
3:00 p.m.— 4:00 p.m. 
4:00 p.m— 5:00 p.m. 
5:00 p.m— 6:00 p.m. 
6:00 p.m. 7:00 p.m. 
7:00 p.m— 8:00 p.m. 

Total twelve hour output 


Qo to 


= 


2/15/28 


WNW 


wen 


36| Administration of water (50 


ec. for each kilogram each 
half hour) begun after 
half-hour preliminary 
drainage 


8:30 a.m.— 9:30 a.m. 


9:30 a.m—10:30 a.m. 
10:30 a.m—11:30 a.m. 
11:30 a.m.—12:30 p.m. 
12:30 p.m— 1:30 p.m. 
1:30 p.m— 2:30 p.m. 
2:30 p.m.— 3:30 p.m. 
3:30 p.m.— 4:30 p.m. 
4:30 p.m— 5:30 p.m. 


worenn 


SIO NO 


2/17/28 


Frequent vomiting; amounts 
| not measurable 

5:30 p.m.— 6:30 p.m. 492} 3 Convulsions at 7:40 p.m. 
6: 30 p.m.— 7:30 p.m. Traces 

7:30 p.m— 8:30 p.m. No bile | Animal killed 

| _drainage | 

| Total twelve hour output [29 9) 28 


oo 
| 
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| | 
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| 43 
50 
| 37 
| 47 
1 40 
| 46 
| | 943| 49 
33 
| 20 
| m7 
| | | 
| 
| | 
| 
| | 
| 
| 
| 280} 20) 
{| | 200 9 
395) 8 
515) 19 
| 
| 500! 12 
| 8 
{| 560| 8 
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The results of water intoxication are given in table 2. There was a pro- 
longed decrease in the hourly output of both bile and bile acids, decreased 
concentration of the bile acids and a temporary decrease in the bilirubin 
output, which rose, however, after discontinuance of the water. The 
twenty-four hour output of bile, bile acids and bilirubin was considerably 
less than that obtained during the control period. A graphic representa- 
tion of the observations in this experiment illustrates the changes noted 
(fig. 1). The rise in bilirubin excretion later in the course of the experiment 
may be attributable to muscular exertion during the period of water 
intoxication. The animal recovered from the effect of the experiment 
rather slowly and never fully recovered in spite of forced feeding with 
corn syrup and milk and careful attention to the condition of the bile 
fistula. - 
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Fig. 2. The effect of forced administration of water on the volume and composi- 
tion of bile. A represents the response of an animal in good condition; B that of a 
less healthy animal. 


Water intoxication was again induced four weeks later; the results are 
shown in table 3. A previous test of hepatic function with bromsulphalein 
gave anormal reaction. It will be seen that there was a profound decrease 
in concentration and hourly output of the bile acid, as well as a decrease in 
the total quantity of bile; this was noted in both the hourly specimens and 
in the twelve-hour totals, as compared to those of the control period. The 
animal was killed at the end of the experiment, although there seemed to be 
no doubt that he would have recovered from it. The tract of the fistula 
was not infected, and the liver, although waterlogged, was not grossly 
abnormal. Sections from the liver revealed moderate atrophy of the 
parenchyma in the peripheral portion of the lobule as shown by shrinkage 
of the cells, vacuolization, nuclear pyknosis and poor staining qualities. 
Evidence of infection could not be demonstrated. Sections from the 
hepatic duct were essentially normal, showing normal] columnar epithelium. 
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A third animal, a mongrel female, was found to be pregnant when the 
common duct was intubated. Water intoxication caused almost complete 
suppression of bile, and death occurred after a single convulsion. A 
study of the Pettenkofer-reacting substances in the blood of this animal, 
according to the method of Aldrich and Bledsoe, did not show any change 
during the period of water intoxication. 

If water is administered in amounts of 25 cc. for each kilogram every 
half-hour (half the amount required to produce water intoxication) the 
results again depend somewhat on the animal’s condition. 

In a fourth dog the common duct had been intubated according to the 
Rous-McMaster technic, about six weeks previously. In the meantime 
the animal had been used for a study of certain cholagogues. The animal 
was in good condition although the volume of bile and the total quantity of 
bile acids secreted in twenty-four hours was somewhat low. On the adminis- 
tration of water in a dose of 25 cc. for each kilogram of body weight every 
half-hour, there was little change in the volume and composition of the 
bile, although there was a slight increase in the output of bile and bile 
acids. On repeating the experiment, a considerably smaller volume of bile 
was excreted, possibly indicating the animal’s increased sensitiveness to the 
administration of water. The results of these experiments are shown in 
table 4. 

Figure 2 shows the changes produced by the administration of water in 
the same dosage (25 cc. every half-hour for each kilogram of body weight) 
to two animals. One dog was in excellent condition, and there was little 
change in the bile output or bile acid concentration. In the other dog 
there was a marked temporary decrease in the formation of bile and bile 
acids but he recovered promptly as soon as the water was discontinued. 

The control experiments included: 1, hourly collections of bile from 
animals deprived of food and water; 2, hourly collections of bile from 
animals given physiologic sodium chloride solution by stomach tube in 
dosage of 50 cc. every half-hour for each kilogram of body weight; 3, 
hourly collections from animals on whom a stomach tube was passed at 
regular intervals without the administration of fluid, and 4, four hour 
collections from animals whose stomach was distended by means of a 
balloon introduced on a duodenal tube. These experiments served to 
control the effects of frequent tubing and gastric distention, as well as other 
procedures incidental to the experiment. The results of these control 
procedures were entirely negative, any changes observed being within the 
known limits of variation. Figure 3 shows a comparison between the 
results of certain of these control procedures and actual water intoxication 
inone animal. An analysis of the data obtained in the study of this animal 
is given in table 5. The average figures presented include the results for 
the entire day of the experiment. For the period of water intoxication, 
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they show a 50 per cent reduction in the average hourly output of bile 
acids, a moderate reduction in the average hourly output of bilirubin and 
little or no change in the average hourly volume of bile for the period of the 


TABLE 4 
Changes in the volume and composition of bile following the administration of excessive 
amounts of water 


Weight of dog 9 kgm. 


BILE 


Bile acids 


COMMENT 


cent 


Mem. per 
Total mgm 


| Output, ee. 


8:00 a.m—10:30 a.m. 13.8 1,110) 153 
10:30 a.m— 1:00 p.m. | 12.4) 820) 102) Administration of 

| water (25 cc. for 
each kilogram 
each half-hour) 


| 
1:00 p.m.— 3:30 p.m. 12.0) 830) 100) 
3:30 p.m.— 6:00 p.m. 830) 
6:00 p.m— 8:00 a.m. 63.5 1,050) 665 


Total twenty-four hour output 110.7) \1 ,095 
| 
8:30 a.m—11:00 a.m. 7.3) 61 
11:00 a.m.— 2:00 p.m. | 12.41,320) 163) Water not given 
2:00 p.m— 5:30 p.m. 7.41,600| 118) 
5:30 p.m— 8:30 a.m. 44.5/1,000| 445 


| Total twenty-four hour output | 71.6! | 787 
} 

9:00 a.m—11:30 a.m. | 8.0)1,030} 838 
11:30 a.m— 2:00 p.m. | | 875} 36) Administration of 
water (25 cc. for 
each kilogram 
each half-hour) 


2:00 p.m.— 4:30 p.m. 
4:30 p.m— 7:00 p.m. 
7:00 p.m— 9:00 a.m. 


| Total twenty-four hour output 84.6 


* Control period of twenty-four hours. 


experiment (seventeen hours). They also show a somewhat increased 
average hourly output of both bile and bile acids, and an unchanged average 
hourly output of bilirubin when half the amount of water required to 
produce water intoxication (25 cc. for each kilogram for each half-hour) was 


given. 


8/17/27 || 
8/20/27 . 
| 8.8} 860) 76 
| 6.8) 935) 64 
| 57.0/1,050} 599 
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Discussion. The experiments of Smyth and Whipple demonstrated a 
marked and lasting depression in the formation of the bile acid after doses 
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Fig. 3. Volume and composition of bile during control procedures and following 
the administration of water. 


TABLE 5 
The volume and composition of bile during control procedures and following the 
administration of water 


| AVERAGE BILE ACIDS | BILIRUBIN 
BILE EACH EACH HOUR, | EACH HOUR, 
HOUR, CC. | MGM | MGM 


Control 
Frequent passage of stomach tube 4.9 
Administration of 0.9 per cent sodium chloride (50 cc. 
for each kilogram each half-hour).. “a 
Administration of water (25 cc. for east kilogram io 
each hour) 
Water intoxication (50 cc. for each kilogram each half- 


of chloroform too small to produce histologic changes in the parenchyma of 
the liver, although the volume of the bile was not greatly influenced. The 


Stomach tube passed every 
ur No fluid aiven Pont 
pO ce 09% NaCi solution Water 50 cc for each kg 
jor each kg for each half hour for each half hour —~ 
14+ 
EG 
2 
| 93.0 3.1 
| 75.0 2.5 
78.0 1.9 
99.0 2.0 
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changes which we have shown to occur after the administration of large 
amounts of water furnish a corollary to their work and additional informa- 
tion on factors influencing the flow of bile and the production of the bile 
acid. 

From the results of the control experiments certain conclusions may be 
drawn in regard to the effect of the forced administration of large quantities 
of water on the volume and composition of bile. There is little evidence 
that water given orally can greatly increase the flow of bile. Although 
transient increases were observed in certain of the experiments, in only one 
animal was the average hourly output of bile and bile acids increased; in 
this instance the changes observed were within normal limits of fluctuation. 
On the other hand, the administration of water in quantities in excess of 
physiologic needs produced a definite decrease in the volume of bile, in the 
output of bile acids, and under some conditions, in the concentration of bile 
acids. The degree and duration of the diminution of all three factors were 
governed by the condition of the animal. The pathologic basis for the 
changes noted is, in all probability, the waterlogging of the parenchyma of 
the liver, with subsequent depression of cellular activity. In certain 
instances the volume of bile and the concentration of bile acid do not coin- 
cide, as in the fifth dog in whom the average hourly volume of bile was 
fairly well maintained while the average hourly excretion of bile acid was 
markedly reduced. 

The high concentrations of bile acid noted in the first one or two hours of 
certain of the experiments were undoubtedly due tothe fact that the animal 
had licked the fistula during the night; thesubsequent decrease in concen- 
tration is, therefore, less significant. However, the reduction of the 
concentration of bile acids and the bile output in certain animals was too 
great to be explained on this basis alone, and it seems necessary to postulate 
temporary functional depression of the hepatic cell in water intoxication. 

The variation in bilirubin concentration and output are not striking. In 
the second dog concentration of pigment was increased during the later 
stages of intoxication, but nevertheless the total twenty-four hour output 
was decreased below that of the control period. In the fifth dog this 
phenomenon was less pronounced, the average hourly output being 
only slightly altered. Variations in bilirubin output are probably to be 
explained as results of two factors: increased muscular activity (incidental 
to the twitching and convulsions of water. intoxication), and alterations in 
the function of the hepatic cell which render the passage of bilirubin 
through the liver more difficult. The experiments of Haessler, Rous and 
Broun show that elimination of bilirubin is not increased by diuresis 
produced by alimentary means, so that renal “washing out’’ of bilirubin 
can be practically ruled out. 

Other phenomena associated with water intoxication have been fully 
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described in previous papers of this series. They will not, therefore, be 
mentioned except to say that none of the recorded variations in the volume 
and composition of the blood would seem to have any effect on the activities 
of the liver. The possible relation between cholesterol and cholic acid is 
generally discounted by authorities on the subject; in order to check this, 
however, cholesterol determinations were carried out in certain of the 
experiments. While a slight or moderate decrease in blood cholesterol was 
a fairly constant accompaniment of water intoxication, the percentage 
reduction scarcely exceeded that which could be explained by the factor of 
blood dilution alone. There is no evidence to show that renal activity is 
significant in these experiments; the most striking decrease in the output of 
bile occurred in the second dog who excreted relatively little urine during 
the course of the experiment. Washing out of bile acids through the urine 
can also be eliminated from consideration, the level of Pettenkofer- 
reacting substances in the blood being unaffected by water intoxication. 
In the light of present knowledge it is probable that any depression of 
hepatic function relating to the secretion or excretion of bile products in 
water intoxication is due to the increased water content of the liver alone. 
It must also be said that our findings may not be applicable to the intact 
animal, since dogs with biliary fistulas cannot be considered normal in the 
strict sense of the word. 

In clinical practice it does not seem likely that patients with biliary 
fistulas can be harmed by the “forced fluids” so often given. Since oral 
administration of fluid is impracticable, the usual plan is to give solutions of 
glucose or sodium chloride intravenously, subcutaneously, or by rectum 
which compensates for the loss of fluid and inorganic salts from the fistula. 
It is well known that the phenomenon of water intoxication cannot be 
produced experimentally by such measures. In many cases of “hepatic 
toxemia” the forced administration of fluids has been a life saving measure, 
increasing the flow of bile to a considerable degree. It is probable, how- 
ever, that human beings with biliary fistulas of long standing may show 
increased “sensitiveness” to the large quantities of water taken by mouth, 
although the amounts required for the production of actual diminution of 
the flow of the bile might never be approximated. 


SUMMARY AND CONCLUSIONS 


The production of water intoxication in dogs with permanent biliary 
fistulas causes diminution in the total output of bile and a reduction in the 
amount of bile acids excreted; the effect on the latter being more marked 
than the effect on the output of bilirubin and bile. The duration and 
extent of this temporary depression in the formation of bile depend on the 
condition of the animal. 

If half the amount of water required to enti water intoxication is 
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given to such animals, only minor changes in the volume and composition 
of the bile are observed. There may be a temporary decrease in the flow 
of bile and in the production of bile acid in animals not in good condition 
and in some instances a slightly increased flow of bile may be observed. 

The changes in the flow of bile produced by water intoxication are prob- 
ably to be attributed to “waterlogging” of the liver with temporary 
depression of function. 
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That bile in sufficient quantities is toxic by the oral, the subcutaneous, 
the intravenous and the intraperitoneal routes is well established. The 
pathelogical physiology attendant upon clinical and experimental ob- 
structive jaundice is not so clearly referable to bile itself, because of the 
probable impairment of the liver and the absence of bile in the intestinal 
tract. The peritonitis and death following the introduction of large 
quantities of bile in the peritoneal cavity have been ascribed to bacteria 
as well as to the toxic constituents in the bile itself. We (1) have recently 
reported experiments showing that sterile bile in sufficient quantity in the 
peritoneal cavity produces all the symptoms of bile peritonitis. 

On experimental evidence, toxic actions have been ascribed to the follow- 
ing bile constituents: the pigments, the cholesterol and the bile acids. 
We will refer only to the most recent and significant of these reports. 
Bouchard (2), King and Stewart (3), King, Biglow and Pearce (4) and de 
Bruin (5) conclude that the pigment acts as the toxic agent in bile or is 
more toxic than the other constituents. On the other hand, Raywoch (6 
and Gilbert and Herscher (7) believe that if the pigment has any poisonous 
action at all it is very slight. Danilewsky (8) and Flint (9) attribute a 
toxic action to cholesterol. Fasciani (10) was unable to confirm this, even 
though he injected large amounts. Rohrig (11), Traube (12), de Bruin (5) 
and Sellards (13) attribute various poisonous actions to the bile acids. 
Landois (14), King and Stewart (3) and others conclude that the bile salts 
are either feeble poisons or non-poisonous. Boisson (15) thought that the 
toxicity of bile was due to “impurities,’’ which could be removed by 
filtering. 

Intraperitoneal injections of whole gall-bladder bile of dogs in dogs in 
amounts of 5 cc. or more per kilogram caused the death of all dogs within 
twenty-four hours. In smaller quantities the effects were variable, but 
when less than 3 cc. per kilogram was used, all the dogs lived. The symp- 
toms and autopsy findings are those typical of bile peritonitis, viz., vomit- 
ing, diarrhea, anuria or albuminuria, bradycardia, hypotension, irregular 
and slow respiration, coma, in many instances edema and slight jaundice, 
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bloody fluid in peritoneal cavity, petechia of brain, lungs, stomach and 
intestines, and congestion of liver, kidneys and spleen. 

A quantity of dog gall-bladder bile was divided into three portions. 
The first portion was sterilized in the autoclave at twenty pounds’ steam 
pressure for thirty minutes. This sterilization was repeated three suc- 
cessive days before the bile was used. This bile was filtered before using 
intravenously, to remove the coagulated material which was caused by 
heating. The second portion was frozen for three days before use. The 
third portion was evaporated to dryness on a steam bath, then in an oven 
at 100°C. to constant weight. Alcohol (95 per cent) extracts were made 
of one-half of this and again evaporated to dryness and then dissolved in 
water ready for injection. Water extracts were made directly from the 
other half of the dried bile. All of these extracts were made up in volume 
to the strength of the original bile. The alcoholic extractions could not be 
made quantitatively, probably due to the difference in solubility of the bile 
salts in alcohol, and also the heating caused coagulation of the protein, 
so after alcoholic or water extraction of dried bile there remained an 
insoluble residue. 


Fig. 1. Dog weighing 12.8 kgm. was injected intravenously with 12.8 cc. of whole 
gall-bladder bile from dog. 

Resp.—Respiration. B. P.—Blood pressure. B. L.—Base line. 

The figure shows the effect of bile on the respiration, giving the typical Cheyne- 
Stokes type, the respiration period begins when the heart stops, rapid fall in blood 
pressure and practical cessation of heart action, which returns after a few seconds. 

This dog was anesthetized with ether and then given an intravenous injection of 
sodium-barbital, 0.250 gram per kgm. of body weight. 

Fig. 2. In the first part of this experiment, a saturated solution of bilirubin in 
N/10 sodium hydroxide, neutralized to litmus paper with N/10 hydrochloric acid, 
was injected intravenously. Second injection of 30 cc. of the same solution did not 
cause any change in the heart rate. A later injection of a saturated solution of 
bilirubin in sodium-carbonate 1 per cent, 25 ec., had no effect on heart or lungs. 

Fig. 3. Dialyzed bile, which was made up to the original concentration of dog 
gall-bladder bile, was injected intravenously. It produced the same results quanti- 
tatively as the whole gall-bladder bile. 

Non-dialyzable portion of bile when injected did not cause any change in the 
heart rate, blood pressure or respiration. 

An interesting instantaneous change in the amplitude of the heart beat can be 
seen in the tracing at two different places. 

Fig. 4. Sodium glycocholate, calculated dosage similar to the total crystalloid 
content of bile was dissolved in distilled water. When injected intravenously it 
produced the same results quantitatively as whole gall-bladder bile. 

Fig. 5. This tracing shows the protective action of cholesterol against bile. 
Four intravenous injections of whole gall-bladder bile saturated with cholesterol 
were given, which is much greater than the lethal dose of bile, and still the blood 
pressure 30 minutes after the last injection is practically normal. This was followed 
for two hours and there was no indication of cardiac failure. The same amount of 


bile injected witbout cholesterol would have killed the dog before the fourth 
injection. 
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Sterilized and frozen bile were each injected intraperitoneally in five 
dogs. The symptoms and autopsy findings were the same as those found 
in the use of fresh bile. The toxicity value remained unchanged. 

The evaporated alcoholic extract of dried bile redissolved in water and 
made up to the original strength of the bile caused the death of a dog in 
three days when 5 cc. per kilogram were used subcutaneously. This 
amount of fresh, frozen or sterilized bile kills in less than twenty-four 
hours. Eight cubic centimeters of this extract per kilogram were required 
to kill four dogs in twenty-four hours when givenintraperitoneally. Appar- 
ently some of the toxic material was either lost in the drying or in extract- 
ing with alcohol. The residue left from alcoholic extraction was partly 
dissolved in water and the rest held in suspension and injected intra- 
peritoneally. It required 10 cc. per kilogram to cause death. Three dogs 
were injected, one with 5 cc., the second with 8 cc., and the third with 10 ce. 
The first two lived and the third died within 24 hours. This suspension 
would cause embolism if used intravenously. 

Water extracts of dried bile caused typical symptoms and autopsy 
findings of bile peritonitis and quantitatively accounted for the toxic 
portion of bile. The residue from the water extractions was put in sus- 
pension and injected intraperitoneally only, without any toxic symptoms, 
even when 20 cc. per kilogram were used. 

Subcutaneous injection of bile in ten dogs caused more variable effects 
than the intraperitoneal. Dogs receiving more than 4 ce. per kilogram died 
within twenty-four hours, and some of the dogs receiving as low as 2 ce. 
per kilogram died within the same time. The process of absorption in 
many instances seemed to be interfered with by excessive edema at the site 
of injection. Almost immediately following the injection of bile the dogs 
vomited and appeared thirsty, lapping water repeatedly, only to emit it 
almost as soon as taken. In a few hours the dog became groggy; respira- 
tion and heart slow and irregular; urine, if any, contained albumin; pleural 
and peritoneal cavities contained fluid; petechia of intestines, stomach, 
omentum, brain and lungs; marked congestion of liver, kidneys and spleen. 
Dogs receiving less than 2 ec. per kilogram had large necrotic areas at the 
sites of injection. These areas were very resistant to healing. 

Intravenous injection of whole gall-bladder bile caused variable symp- 
toms, depending on the amount injected and particularly on the rate of 
injection. A small amount injected rapidly would kill the dog while a 
much larger quantity given slowly caused only transient symptoms. 
Seven dogs were injected intravenously, five with varying quantities, and 
two with divided doses repeated every two hours. The dogs tolerated the 
bile better when given at intervals, but even when a total of 5 cc. per kilo- 
gram was given, the general condition of the dog gradually grew worse and 
an intervening infection caused fatal termination. Three of the five dogs 
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which lived longer than one week died with pneumonia; one dog lived 
eight days. Both dogs dying within twenty-four hours had hyperemic 
and edematous lungs. The first symptoms following injection were 
retching and vomiting. If the injection is rapid, there is bradycardia and 
irregularity of the heart. Three of the dogs had large thrombi formations 
in the veins extending from the points of injection. All dogs continued to 
pass large quantities of albumin in the urine; hematuria was present for a 
few hours. It was difficult to determine the effects of dosage as much 
depended on the rate. Dogs receiving 2 cc. and 2.5 cc. in single injection 
per kilogram died within twelve hours. Dogs receiving between 1 and 2 
ec. per kilogram in single injection, or less than 4 cc. in divided doses, lived 
longer than one week, but all died within twenty-seven days. Even though 
the injection does not cause early death, there seems to be permanent im- 
pairment rendering the animal unusually susceptible to infections, especially 


pneumonia. 
Chemical preparation of bilirubin. Attempts were made by various 


means to isolate bilirubin quantitatively from the gall-bladder bile of dog. 
This bile was selected because all our previous work had been done with 
whole gall-bladder bile of dogs. If bilirubin could be isolated from this 
bile, the process of determining the toxicity would be simplified. An 
apparently easy process of isolating pure bile pigment from bile was given 
by King and Stewart (3). They stated, referring to Gmelin, that when 
calcium lactate is added to whole bile a precipitate forms with bilirubin 
making an insoluble calcium bilirubinate. This is filtered and all the other 
constituents of bile pass through the filter. Then 10 per cent hydrochloric 
acid is added to the calcium bilirubinate, which removes the calcium 
radical, and by repeated washings with water, nothing remains but the 
pigment. The only problem remaining is to put the bilirubin into a suit- 
able solution to inject. This appeared so simple that we tried it repeatedly 
with dog gall-bladder bile and with beef bile, with various dilutions of bile 
and reagents and under various temperature and light conditions, but I 
was never able to obtain pure bilirubin. Even with aid of Dr. F. C. Koch, 
and after considerable search of the literature, we found no reliable method 
by which bile pigment could be isolated quantitatively from bile. H. %. 
Deninger, from the Chemical Department, worked for a year, making 
many attempts by various methods to isolate the pigment from bile, but 
In all these processes we obtained a few erystals which 


was unsuccessful. 
microscopically appeared to be bilirubin, but a considerable portion of the 
material changed in color from day to day as we were working with it. 
F ven though we did all the work in the dark, we were unable to obtain a 
stable and pure pigment. 

Orndorff and Teeple (16) and Kuster (17) isolated chemically pure bili- 
The following method was used: About a pound 


rubin from ox gallstones. 


|_| 
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of reddish cattle gall stones was secured. These gall stones were practically 
all calecium-bilirubin stones, contained very little carbonate and _ prac- 
tically no cholesterol. They were dried at 100° until they remained at 


TABLE 1 
Bilirubin and other bile pigments 
All the solutions of bilirubin were saturated. The two greenish solutions were non-toric. 
The death of mouse 8 was probably due to some irrelative cause. 
Whole bile of dog is toxic for mice 


METHOD OF 


MATERIAL SOLVENT | AMOUNT INJECTION 
| 


1 | Bilirubin NaOH 0.8 : Intraperitoneal) No toxic effects 
2 | Bilirubin | NaOH 0.8 | Subcutaneous | No toxic effects 
3 | No bilirubin | Sterile human | | Intraperitoneal) No toxic effects 
serum | 
4 | With bili-| Sterile human | , Intraperitoneal! No toxic effects 
| rubin | serum 
Bilirubin | N/10 NaOH H.,0 | 2 | Intraperitoneal! No toxic effects 
|. to neutrality | | 
to litmus | 


| 


Bilirubin N/10 NaOH H,O Intraperitoneal) No toxic effects 
to neutrality | 
to litmus stand) 


24 hours green-| 


ish | 

Bilirubin N/10 NaOH HCl | | Intraperitoneal) No toxic effects 

| ce. | 

Bilirubin N/10 NaOH H/i0) | Intraperitoneal] Dead fifth day, 

HCl 1 ce. | autopsy nega- 

| tive 

Bilirubin | N/10 HCl to neu-| . Intraperitoneal; No toxic effects 

tral to litmus 

| brownish 

Bilirubin | N/10 HCl to neu-| Intraperitoneal) No toxic effects 

tral to litmus | 

| solu- : Intraperitoneal) No toxic effects 

| tion but 

| green 

| Whole dog | | Intraperitoneal! Dead twelve 
bile hours. Typical 

bile peri- 

tonitis 


constant weight. About half the stones were used for the first prepara- 
tion. They were powdered and sifted through a 30 mesh sieve: 1, ex- 
tracted with extra pure ether in a Soxhlet apparatus for 30 hours, then 
dried in the open air, and later dried for 48 hours in the oven at 100°; 


2, 
fc 
il 
b 
f 
| | 
| | 
7 
8 
9 
10 
11 
12 
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2, again placed in the Soxhlet and extracted with extra pure chloroform 
for 72 hours. The material was then dried in the open air, and again placed 
in the drying oven for 24 hours. 3. The powder was then extracted with 
boiling water repeatedly to remove whatever water soluble substances 
might still be present. 4. The residue was again dried and then digested 
for 24 hours with a large quantity of 1 per cent hydrochloric acid. The 
solution was allowed to stand until the insoluble portion settled to the 
bottom, and the supernatant liquid decanted. This was repeated a 
number of times until the supernatant liquid no longer gave a test for cal- 
cium. Then the insoluble portion was washed many times with double 
distilled water until the filtrate gave no reaction for chlorides. 5. The 
powder was again dried in the oven to constant weight and then extracted 
in the Soxhlet with pure ether for 12 hours, and again dried, then extracted, 
6, with absolute alcohol until the alcoholic filtrate was no longer colored. 
This latter process was continued for 48 hours. 7. Again dried, replaced 
in the Soxhlet, and extracted with pure chloroform for 150 hours. This 
final chloroform extract was supposed to contain pure bilirubin, but on 
microscopic examination the crystals were not entirely uniform. Ac- 
cordingly, the chloroform extracts were allowed to evaporate somewhat 
and were then precipitated with absolute alcohol, the supernatant liquid 
poured off, again thrown into solution with chloroform and precipitated 
with alcohol a number of times, until finally the crystals appeared entirely 
uniform under the microscope. An attempt was made to crystallize 
bilirubin with dimethyl-aniline with boiling point 192.2 to 192.6°. Also, 
quinine sulphate was used to precipitate bilirubin crysta's, but they did not 
appear to be as uniform as those obtained by the absolute alcoho] method. 

The entire work was done in the dark except for a small Ruby light. <A 
number of writers state that bilirubin is changed over into the other pig- 
ments by the action of light alone. The various extracting liquids were 
saved from the extraction of the gallstones, concentrated and prepared 
for injection. 

The purity of bilirubin was tested by microscopic examination of the 
crystals. We compared my microscopic specimens with the photographs 
of the erystals which were prepared by Prof. 8. H. Gage (16) of 
Cornell University, also Kuster (17). The crystals from the various 
methods of final crystallization are identical with those in the photograph 
by Professor Gage. Our bilirubin appears to be the same as that isolated 
by Orndorff and Teeple (16). The microscopic method of determining the 
purity of crystals is very accurate. 

The question then arose as to whether or not the powder, which we shall 
call bilurubin, is the same as the bilirubin in the circulating blood in 
humans and in experimental animals with jaundice and also the same as the 

bilirubin present in the bile, or has the chemical process of isolation and 
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purification changed this unstable pigment into some non-toxic form. 
The method of detecting the purity of the pigment and the comparison 
of this particular pigment with that previously tested in blood serum and 
called bilirubin, was by means of the color analyzer of Keuffel and Essen 
(18). The analysis of wave lengths as Doctor Sheard (19) found for 
bilirubin in the blood stream of the dog and of the human, is the same as 
for our pure bilirubin thrown into solution with N/10 sodium hydroxide. 
This method of analysis seems to be extremely accurate and the detection 
of very minute quantities of bilirubin in solution is made with considerable 
ease. 

The bilirubin gave the ordinary tests, which included the Bonamo, 
Gmelin, Hammarsten, Huppert-Cole, Nakayama, Rosenbach, Salkowski- 
Schiffer, Smith and van den Bergh. The bilirubin compared favorably 
with the quantitative method of calculation given by van den Bergh. 

The bilirubin did not contain any biliverdin. There appeared to be no 
protein and only an infinitesimally small amount of iron. We feel sure that 
this pigment is the identical pigment that has been called bilirubin by so 
many writers, and the same pigment that is being tested for in the blood 
stream by the more critical analyses in experimental animals and in man. 
We wish particularly to point out that the pigment occurring in the blood 
stream in the human is not biliverdin but is bilirubin. 

Solubility. We had considerable difficulty in getting bilirubin into 
proper solutions for injection intravenously into animals so that the 
menstruum itself would not cause the symptoms which might be attributed 
to bilirubin. Bilirubin was practically insoluble in physiological salt, 
Locke’s, Ringer’s and other commonly used salt solutions. It was very 
soluble in sodium carbonate, but when this solution was rendered neutral 
to litmus, a precipitate formed, consequently it was not deemed suitable for 
injection. Several investigators have used the sodium carbonate method 
without any neutralization and some report the effects of the bilirubin on 
the heart particularly, but when a similar amount of pure sodium 
carbonate solution was injected rapidly intravenously, we noted similar 
reactions to that of the bilirubin-sodium carbonate solution. Sodium 
hydroxide N/10 was a very good solvent, and this was brought almost to 
neutrality to litmus with N/10 hydrochloric acid, and no precipitate was 
formed. The same was found to occur with ammonium hydroxide and 
potassium hydroxide. Dog serum was used as a solvent for bilirubin but 
we found that only a small amount went into solution in fresh serum. 
On letting the sterile dog serum stand for 36 to 48 hours in the ice-box, the 
bilirubin went into solution very readily. Human cerebrospinal fluid was 
a poor solvent even though the solution was allowed to stand in the ice- 
box for days. The best solvent other than the carbonate and hydroxide 
was found to be sterile fresh human serum. As to the value of the different 
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solutions of bilirubin, much may be said in favor of the simpler solutions, 
as that of sodium hydroxide, but various workers have criticized this, 
stating that the sodium and potassium, calcium and magnesium ions render 
the bilirubin non-toxic. We have used both methods of injection, but 
prefer as a solvent the human serum or dog serum. Serum is the ordinary 
solvent for the bilirubin when in the blood stream. The normal human 
serum alone and also saturated with bilirubin when injected intraperi- 
toneally in mice and pups, and intravenously in pups and dogs, and sub- 
cutaneously in mice, pups and dogs, gave no pathological reactions of any 
kind. 

There were no symptoms of any kind attributable to bilirubin. There 
was no change in the rate or amplitude of the heart, no change in blood 
pressure and no change in respiration. There was no vomiting at any 
time and no diarrhea. No adhesions were formed in the peritoneal cavity. 


There was no edema or sloughing of the subeutaneous tissues when injected 
All the animals continued to eat 


subcutaneously. There was no anuria. 
and drink and live their normal course of life, the same as the control 
The bile pigment was slowly absorbed and at least part of it 


animals. 
eliminated in the urine. 

It would appear from this work and theoretically that bilirubin is an 
excretory product, non-toxic, inactive, and not concerned with any of 
the pathological processes which occur in jaundice, except pigmentation, 
or in any of the poisonous actions of the bile. 

We know of no way by which biliverdin can be obtained absolutely 
pure. A thorough search of the chemical literature did not reveal any 
method. On placing alkaline solutions of bilirubin in the air, they took on 
a beautiful green color. When these solutions were analyzed spectro- 
scopically, we found there was a small amount of biliverdin but a very 
large portion of bilirubin. When these solutions were injected, they did 
not cause symptoms of any kind. Either the amount of pure biliverdin is 
too small or it is non-toxic. 

When bilirubin solution was exposed to the air and sunlight for a few 
weeks, the solution took on a dirty brown appearance, and this appar- 
ently was what has been called bilihumin, but again, spectroscopical 
examination showed most of the pigment to be bilirubin. Injection of 
this mixture of pigments gave no toxic symptoms. 

Bilirubin-A is the name applied to that part of bilirubin which is in- 
soluble in alcohol and soluble in chloroform. The portion which is soluble 
in alcohol, called by some writers bilirubin-B, is referred to by Orndorff 
and Teeple (20) as biliverdin, biliprasin and bilifuscin. Spectroscopic 
examination of this showed it to be practically all bilirubin. Bilirubin-B 
when injected was non-toxic. The bilirubin-A fraction was injected as 
noted previously as plain bilirubin. 
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The various extracts of gall stones were saved, each evaporated to dry- 
ness, and in some instances redissolved in suitable solutions for injection. 
Water extracts of gall stones when used in sufficient quantity were toxic— 
this extract contained bile salts as the chemical tests were positive. One 
gram of the water extract of gall stones redissolved in water caused no 
effect when injected into the peritoneal cavity of a dog weighing 7 kgm. 
When five grams were injected into a dog weighing 6 kgm. the dog died in 
24 hours with typical symptoms and autopsy findings of bile peritonitis. 
Six grams of water extract were obtained from one-half pound of gall stones. 
The chloroform extract (0.7 gram) was insoluble in water but dissolved in 
sodium hydroxide, and this was neutralized to litmus with hydrochloric 
acid. This extract caused vomiting immediately but no other toxic 
symptoms. Alcoholic and ether extracts of gall stones were insoluble in 
solutions that were suitable for injections. The relative toxicity of these 
extracts was slight as they were obtained from a large quantity of stones. 

Dialyzed bile. On advice of Dr. A. B. Hastings, bile was dialyzed through 

highly pure colloidin membranes according to the method of Bechhold 
(20). These were made immediately before use, by dipping a large test 
tube into the collodion solution twice and letting the collodion dry enough 
so that the membrance could be removed intact. The membrane was 
placed for a few seconds in chloroform water, and washed several times in 
distilled water, then bile was placed within and the top thoroughly clamped. 
The dialyzing tubes were then placed in a jar of freshly distilled water, the 
water was saturated with carbon dioxide and covered with oil, and the 
jars kept in the ice-box at 36°. The carbon dioxide was allowed to bubble 
through the water every 8 hours. This kept the water at a constant pH 
and permitted the dialysis under controlled conditions. The water was 
changed frequently and the bile dialyzed continuously for five days. The 
dialysate was retained and also the non-dialyzable portion. The dialysate 

had the same color as the original bile. The non-dialyzable portion had a 

beautiful pea-green color, and the collodion membranes were a beautiful 

eyan-blue. Three-hundred cubic centimeters of whole gall-bladder bile of 
the dog were used. The dialysate contained 21.44 grams per 100 cc., and 
the non-dialyzable portion contained 2.4 grams per 100 cc. 

The non-dialyzable portion was injected intraperitoneally and sub- 
cutaneously in mice, and subcutaneously, intraperitoneally and intra- 
venously in dogs, in quantities similar to that used with whole bile, and in 
some instances triple the quantity. There were no symptoms of any kind 
attributable to the non-dialyzable portion of bile. The dialysate was 
found to have the same properties quantiatively as whole bile, when in- 
jected into mice and dogs. The symptoms produced by the injection of 
the dialysate were similar to those produced by whole bile. The toxic 
portion of bile is dialyzable, and the non-dialyzable portion of bile is non- 
toxic. 
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Impure salts of bile. Impure salts of sodium taurocholate (commercial 
were used in the same quantity by weight as the solid portion of the dialy- 
sate. Injections were made intravenously, subcutaneously and intra- 
peritoneally of sodium taurocholate and sodium glycocholate in varying 
quantities per kilogram of body weight, varying from 0.7 gram per kilo- 
gram of body weight to the same quantity as the dialyzable bile was found 
in gall-bladder bile. The various quantities of salts gave varying severity 
of symptoms in proportion to the quantity of the salt injected. These 


TABLE 2 
Pure bile salts and dialysate of bile. Tests were made to determine the toxicity of the 
various constituents of bile in small animals. The salts and dialysate caused 

toxic symptoms. All of these injections were intraperitoneal 


| 
MOUBE MATERIAL QUANTITY SOLVENT EFFECTS 


Sod. Glycocholate| 0.125gr.| Dist. H,0 0.5 ec. | Dead 30 minutes 


1 
2 | Glycocholic Acid | Sat. Sol.| Dist. H,0 2 cc. Lived, no toxic effects 
3 | Sod. Taurocholate| 0.125gr., Dist. H:0 0.5 ce. | Dead 30 minutes 
4 | Sod. Glycocholate| 0.031 gr.. Dist. H,0 0.1 ec. | Dead 30 minutes 
5 | Sod. Glycocholate| 0.015gr.| Dist. 0.05cc. | Dead 36 hours 
6 | Glycocholic Acid | 0.04 gr.; N/10 NaOH 2 cc. | Dead 45 minutes 
7 | Dialysate 2 ce. | In HO Dead 45 minutes 
8 | Undialyzable 2 ce. In H,0 Lived 
| Undialyzable 2 ce. In HO Lived 


In HO Dead 5 hours 
ce. In H.O Lived 


Dialysate 
| Undialyzable 


bo 


98 | Undialyzable 5 cc. per) In H,O Lived 
kgm. 

99 | Dialysate 5 ce. | In HO Died 24 hours 

90 | Na Taurocholate | 0.09 gr. | 4 cc. Lived. Diarrhea 

91 Na Glycocholate | 0.08 gr.| H:O 4 cc. Lived. Diarrhea 

92 | Na Taurocholate | 0.13 gr.| H,O 2 ce. | Edema, dead 3 days 

93 | Na Glycocholate | 0.16 gr.| HO 2 ce. Diarrhea; edema, dead 3 
days 

95 | Na Taurocholate 0.2 6.4 cc. Vomiting; diarrhea, lived 

97 Na Taurocholate | 0.6 gr. 20.0 cc. Vomiting; diarrhea, lived 


symptoms were the same as when a similar amount of bile was used. 
Quantities which were calculated to be equal to the total quantity of solids 
in the gall-bladder bile produced very much more marked and severe 
symptoms and death occurred in a much shorter time than when whole bile 
was used. It would appear from this that either a miscalculation was 
made in the salt quantity of whole bile, or that something in the bile 


acted as a protective agent when whole bile was injected. However, the 
absolute quantity of salt in the whole gall-bladder bile of dogs was not 
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determined with great accuracy. Calculations were made on the basis of 
the dialysate as sodium taurocholate which occurs practically alone in dog 
bile. It would appear that the dialyzed portion of bile contained at least 
a very great percentage of salt. The impure salts that were used were 
labeled at various percentages of purity by the manufacturers, ranging 
from 40 per cent to 80 per cent. Nothing is known << to their methods of 
preparation. 

Pure salts of bile. Pure salts of bile were then obtained from Dr. 
Theodor Schuchardt, Gorlitz, Germany, and were used for the injections. 
When these salts were injected in the same quantity by weight as the 
impure salts, the toxic effects were the same, and the symptoms produced 
compared very favorably to those above mentioned. 

Bile acids. The only pure bile acid that could be obtained was glyco- 
cholic acid, from Doctor Schuchardt. This was practically insoluble in 
water, salt solutions and blood serums of both man and dog. Any quantity 
that could be dissolved in any of these solutions was not sufficient by any 
method of injection to produce any toxic symptoms. Glycocholic acid 
was thrown into solution by sodium hydroxide. Strong sodium hydroxide 
was used and when neutralized with hydrochloric acid, an insoluble pre- 
cipitate was formed. So a slightly alkaline solution of glycocholic acid in 
hydroxide was used for injections, and these solutions when calculated in 
terms of the pure salts gave quantitatively the same results as were ob- 
tained with the other salts. 

Taurocholic acid: No pure taurocholie acid was obtainable,! so com- 
parative tests with this material could not be made. Many attempts to 
prepare pure taurocholic acid were unsuccessful. 

After it had been determined quantitatively that glycocholic and tauro- 
cholic salts contained the toxie portion of bile, attention was then directed 
to the different parts of these salts. It has already been proven by Schmidt 
(21) that taurin is non-toxic even when injected intravenously in the human 
in such large quantities as 10 grams. We injected glycocoll intravenously 
in dogs, and did not observe any toxic symptoms. Cholice acid was only 
very slightly soluble in distilled water or salt solution. When these solu- 
tions were injected only very slight effects were observed. Then cholic 
acid was dissolved in strong sodium hydroxide solution and brought nearly 
to neutral to litmus. When the solution was made neutral there was 
formed a dense precipitate immediately. Sodium cholate when injected 
gave the same effects quantitatively as sodium glycocholate and sodium 


1 Doctor Schuchardt replied May 24, 1927, as follows: ‘‘Leider mussen wir Ihnen 
mitteilen dass wir keine Angaben gefunden haben die uns eine Weg zeigen wurden 
Natrium taurocholic. etc. in absolut. chem. reiner Qualitat heraustellen 
Ferner bitten wir Sir, zur Kenntnis zu nehmen, dass wir Acid. taurocholic. nicht 
liefern konnen, so dass wir auch keine Offerte unterbreiten konnen.”’ 
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taurocholate. The toxic portion of bile is in the cholate part of the bile 
salts. 

Cholesterol. Cholesterol was injected in saturated alcoholic and satu- 
rated physiologic salt solutions, and gave no symptoms. These solutions 
were used both intravenously and intraperitoneally. 

The action of bile on the cardio-vascular system. On reviewing the action 
that has been demonstrated on various tracings taken when intravenous 
injections of bile and the various constituents of bile were made in dogs, 
it would appear that there was a variety of actions. The preliminary 
slowing of the heart was modified by sectioning the vagi. Practically the 
complete slowing of the heart was eliminated by the use of atropin which 
paralyzed the vagus nerve endings, but when a similar quantity of the 
salts which caused the stopping of the heart was then injected after the 
use of atropine there was still a cessation of the action of the heart, with a 
return after 10 to 30 seconds. This alternation of beating and stopping 
continued for some time before death occurred. 

We conclude that the heart action is modified by the bile salts, through 
various systems, first by acting on the vagus endings, but the principal 
action is that through the coronary circulation in which the bile salts act 
on the heart muscle. 

Landois (14) reported that when small quantities of bile salts were in- 
jected the blood pressure was slightly elevated. This can be demonstrated 
if very minute quantities are injected, but the elevation was only very 
slight and was very transitory. When larger quantities of salts were in- 
jected, there was a definite and rapid fall in blood pressure. If a very rapid 
injection of the salts was made, the blood pressure dropped immediately 
to zero, and this rapid fall in blood pressure may be attributed to vagus 
action and to failure of the myocardium. The use of atropin does not 
prevent this action, although it comes on more slowly after its use. 
Peripheral dilatation of the arteries has probably not had time to take 
place. 

We noted in practically all cases with ligation of the common duct after 
the dog lived for a number of weeks there was a marked depression of the 
blood pressure and the pulse was barely perceptible for some time before 
death of the dog. This depression may be explained in two ways: 1, the 
toxic action of bile salts (which is seriously questioned) and 2, the marked 
disturbance in nutrition, as all of these animals lost a very large proportion 
of weight. Of course, there is also a myocardial defect to be considered in 
malnutrition. This fall of blood pressure is similar to the hypotension 

that we so frequently find in late human jaundice. 

The action of bile on the gastro-intestinal tract. This will be discussed in 
a separate paper to appear soon; and we refrain from further discussion 
except to state that when large amounts of bile were injected by any one 

of the three methods, vomiting and bloody diarrhea occurred. 
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The action of bile on the respiratory system. After injection of bile intra- 
peritoneally, intravenously and subcutaneously, a very large proportion 
of the dogs that did not die within the first 36 hours died later of pul- 
monary involvement. Some of the dogs had massive pneumonia, others 
had small areas of pneumonia—some of them a few and others numerous 
areas; in a few of the dogs dying early there was hemorrhagic edema 
throughout small portions of the lung or throughout the entire lung. The 
immediate action of the absorption of bile on respiration is shown in the 
tracings. The amplitude of respiratory movement is diminished and the 
respiration rate is very much slower. When a large amount of bile has 
been injected, the respiration may cease for a minute or longer, to return 
with gradually increasing amplitude, then gradually decreasing, and 
finally a complete cessation for another 10 to 30 seconds. Typical Cheyne- 
Stokes type of respiration frequently lasted for hours. Sometimes this 
was associated with diminution in heart rate or cessation of the heart beat 
and at other times was independent of heart action. As a whole, the 
respiration rate decreased and the amplitude was diminished. 

The action of bile on the urinary system. It was early noticed that in bile 
peritonitis there was a complete cessation of the passing of urine. We at 
first thought of this as being a reflex phenomenon due to stimulation of the 
nerves going to the kidneys. Accordingly, four dogs were used to test out 
this hypothesis and the nerves going to the kidneys were dissected out as 
completely as possible and sectioned. Bile was then injected into the 
peritoneum, and the anuria appeared as in previous experiments. The 
dogs died within 24 hours without secreting more than a few ce. of urine 
and that was highly blood tinged and contained a large amount of albumin 
and bile. It would appear, then, that after the effects of the nerves 
had been eliminated and noting that the blood pressure was very markedly 
lowered in bile peritonitis, that this is simply a failure of the kidneys to 
secrete following diminution in blood pressure. In order to test out this 
hypothesis, the ureters were catheterized, and it was noticed that the 
kidneys continued to secrete until the tracings showed a fall in blood pres- 
sure to approximately 60 mm. Hg following the injection of bile, when sud- 
denly all secretion of the urine ceased and did not return so long as the 
blood pressure remained low. So failure of the kidneys to secrete is 
attributed to fall in blood pressure. In dogs that recovered from the 
initial injection of bile, the urine continued to show albumin for from a 
few days to several weeks, and in some of the dogs that lived for several 
months and had previously received a fairly toxic dose of bile, but not 
lethal, the urine showed albumin continuously. A part of the time the 
elements are formed and there occur red and white cells and renal epithe- 
lium in the urine, while later the urine shows a few casts or debris. In 
the dogs receiving a sublethal injection of bile there is an irritation of the 
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kidney tissue and this may be explained by the cytolytic action as sug- 
gested by Marawitz (22). 

The action of bile on the nervous system. Various writers, especially 
Meltzer and Salant (23), have reported that small amounts of bile or bile 
salts cause a stimulation of the nervous system. We have noticed in a 
few of the dogs an early appearance of tonic or clonic convulsions. These 
occurred mainly in the animals which had not previously been given ether 
or barbital, but occurred to such an extent in one of the dogs which had 
received ether and barbital, as to render the dog valueless for further 
experiments. The dog continued with convulsions in spite of extremely 
large doses of barbital intravenously, and these convulsions only ceased 
after giving a large amount of ether, at which time the blood pressure fell 
considerably. When convulsions did occur it was early and before very 
much of the bile or bile salts had been absorbed, as later on the opposite 
effects were noted. There was no instance of death occurring immediately 
after or with convulsions. 

Theory of the action of bile acids. Fats enter into the formation of the 
limiting membrane of all living cells. The bile salts diminish the surface 
tension and when blood cells are brought in contact with bile they rapidly 
disappear by disintegration. Theoretically we may conclude that the 
bile salts act on (dissolve) the limiting membrane of the cell, change the 
surface tension, and destroy the normal cellular metabolism. This reac- 
tion not only occurs with red blood cells, but with muscle cells and probably 
all the living cells with which bile salts come in contact. This action then 
is quantitative; when only a small amount of the salt comes in contact with 
the cell there is a slight change but not sufficient to prevent recovery, a 


reversible action. 


CONCLUSIONS 


1. Bile is toxic when injected intraperitoneally, subcutaneously and 
intravenously. 
2. When bile is injected in sufficient quantity to cause death in twenty- 
four hours, the presence of bacteria in the bile does not modify its toxicity. 
3. The toxicity of bile is not modified by boiling or freezing. 
. Bilirubin is non-toxic. 
. Bile dialysate has the same toxicity as whole bile. 
. The non-dialyzable portion of bile is non-toxic. 
Pure bile acids are non-toxic, due to their insolubility. 
8. The cholate portion of the salts of the bile acids, such as sodium 
glycocholate and sodium taurocholate, are toxic. 
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Since the publication by the Nutrition Laboratory in 1919 (Harris and 
Benedict) of basal metabolism data for 136 men and 103 women, further 
metabolism measurements have been made on 60 individuals. These 
later records are here given (see tables 1 and 2, pp. 610 and 612) as supple- 
mentary to the earlier published list, so that they will be available for any 
subsequent statistical treatment of basal metabolism. The data in the 
first or earlier series have been extensively used by various writers and a 
number of prediction formulas have been derived from them (Harris and 
Benedict, 1919; Aub and Du Bois, 1917; Dreyer, 1920; Carpenter, 1924). 
The present series (series II), which comprises 27 men and 33 women, 
differs in a number of ways from series I. Thus, the ages are in general 
higher, the number of individuals of college age has been kept to a mini- 
mum, and people of unusual configuration both in height and in weight 
have been included. A few individuals were distinctly overweight, in fact, 
obese, but all were occupied in their regular affairs at the time of measure- 
ment and were not in the hospital or associated with one. Indeed, in both 
series I and II only men and women “presumably in good health” (see 
p. 618) have been considered. 

Technique. The observations were, with one exception, all made at the 
Nutrition Laboratory or in laboratories in whichthe Nutrition Laboratory 
associates or assistants were working. The one exception is the observation 
on the male subject, no. 137, who was studied by Dr. W. H. Stoner of 
Philadelphia at our request. Several of the women subjects were meas- 
ured by Prof. Elizabeth E. Crofts and by Prof. Hazeltene Stedman Par- 
menter at Mount Holyoke College, in connection with other researches 
made in codperation with the Nutrition Laboratory. Doctor Stoner used 
the Douglas bag method and the Haldane gas-analysis apparatus, so long 
effectively employed in his laboratory. With the other subjects, since the 
measurements extended over a number of years, the technique was not 
identically the same in every instance but was invariably controlled by 


alcohol check tests. 
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PREREQUISITES FOR MEASURING THE BASAL METABOLISM. Notwith- 
standing the variation in technique, it is believed that the data in series II 
indicate the true basal metabolism of these individuals, existing at the 
time they were measured, for every precaution was taken to secure basal 
conditions. If there is any error in the results whatsoever, therefore, it 
lies in the fact that the metabolism as determined is high rather than low, 
because the measured metabolism may easily be above basal but cannot be 
below basal. In general the measurements for basal metabolism are now 
tending to be lower, which indicates that greater precautions are being 
taken than formerly to secure reproducible conditions, which will give the 
lowest and hence the most rationally comparable values. 

In the literature in recent years there have appeared a number of sug- 
gestions that the metabolism should be measured under special conditions, 
even to the extent of insisting upon hospital measurements made while the 
subject is immersed in a neutral water bath. Furthermore, special posi- 
tions of lying on the side and different postures have been recommended, 
as tending to lower the metabolism. The neutral bath was suggested by 
the theoretical consideration that there would be less loss of heat from the 
body if it were immersed in water at 35° or 36°C. But experiments at the 
Nutrition Laboratory (Benedict, 1927; Benedict and Benedict, 1924a, 
1924b) indicate that such a procedure, instead of materially lowering the 
metabolism as predicted (Lefévre, 1922), actually may elevate it slightly. 
A number of experiments made at the Nutrition Laboratory, some already 
published (Benedict, 1927; Benedict and Benedict, 1924a, 1924b), others 
still unpublished, fail to indicate any procedure which might be employed 
to lower basal metabolism measurements, when once made under the stand- 
ard conditions now accepted by the best hospitals and clinics. These 
accepted conditions, all of which were observed in the measurements re- 
ported in this paper, are that the subject should be studied 12 hours after 
the last food is eaten (the last meal preferably being not too high in protein 
or too excessive in calories), that he should be lying, comfortably covered 

so as to feel neither unduly cold nor unduly warm, that he should not have 

a febrile temperature, should be in complete muscular repose and without 

psychic disturbance and tension. When these prerequisites are fulfilled, 

special procedures relating to posture or the neutral bath are unnecessary. 
TABULATION OF BASAL METABOLISM DATA FOR SERIES Il. For con- 
venience, since the age element played not a little rdle in the selection of 
individuals, the data in tables 1 and 2 have been arranged in the order of 
decreasing age. It is unnecessary to give the actual names of the subjects, 
and numbers have therefore been assigned which follow numerically the 

numbers given to the subjects in series I (Harris and Benedict, 1919). 

It is of interest to scientific men in America and particularly to medical 

men, however, that our first male subject, no. 137, is the beloved dean of 
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American surgeons, Dr. W. W. Keen of Philadelphia, who most kindly 
volunteered as a subject, and coéperated in a thoroughly helpful way 

General averages have been drawn at the bottom of tables 1 and 2 for 
the data in each column, and these averages represent the same number of 
subjects for all measurements except the pulse rate, which was not recorded 
for three men and seven women. Hence the average pulse rate does not 
necessarily compare with the averages given for the other measurements. 
As a general index of the pulse rate of the group of individuals dealt with, 
however, the average value has been computed both for the men and the 
women. At the bottom of each table are likewise given the averages 
derived from series I for 136 men and 103 women, respectively. 

BASAL METABOLISM OF NORMAL MEN. A special effort was made in our 
second series of normal data to study older individuals, particularly among 
the men, and the average age of the 27 men in series II (see table 1) is 
therefore 34 years as compared with the average of 27 years for the group of 
men in the earlier series. The range in age is from 89 to 21 years, a good 
proportion of the men being 30 years old or over. The body weight is 
distinctly higher in the newer series, averaging 71.5 kgm. as compared with 
64.1 kgm. The range in body weight is wide, the heaviest man, no. 151, 
weighing 156.6 kgm., the next heaviest, no. 144, weighing 104.3 kgm., and 
the lightest, no. 150, 54.6 kgm. The average height is exactly the same in 
both series, 173 cm. Subjects 160 and 148 have an unusual height of 
188 cm. 

The pulse rate averages 60 beats per minute, or essentially the same as in 
the earlier series, the minimum being 43 and the maximum 75. 

The average oxygen consumption is slightly higher, and as a result the 
average total heat production is correspondingly higher in series II. The 
range in the total heat production is from 2821 calories with the very large 
subject, no. 151, to 1202 calories with subject 143. The total heat pro- 
duction as such, however, is without significance unless one takes into con- 
sideration the size of the individual, either with respect to body weight or 
with respect to the more popular surface area. Per kilogram of body 
weight the average heat production for the men in series II is 23.5 calories, 
or nearly 10 per cent less than that of the men in series I. The values range 
from 18.0 to 30.0 calories. The logic of considering that with individuals 
varying so extensively in body configuration as do these men, each kilogram 
of body weight would have the same heat-producing quality is naturally 
challenged immediately. The heat-producing elements in the body are 
dependent in large part upon the proportions of fat and of tissue and the 
weight of skeleton, all factors not easily isolated. In general, however, the 
heat production of this group of men may be taken as 24 calories per 
kilogram of body weight. 

Owing to the popular practical use of the computed heat production per 
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TABLE 1 


Basal metabolism of normal men—Series II 


OBSER- 5 Ps HEAT PRODUCED DEVIATION MEASURED 
VATIONS) = = PER 24 HOURS FROM PREDICTED HEAT 
SUBJECT NUMBER = 5 z 2 
years | kgm. | cm. | | ce. | cal. | cal. | cal. | per cent|per cent! per cent 
137 | 89 | 2 | 60.3) 154) =| 193. 1344.22.3) 852/4 26.2) 42.9 
138 | 60 12 55 | 58.5 176 58 | 210145924.9) 845) + 8.4 —3.5) +5.6 
139 | 60 | 1 | 3 | 90.9) 179) 57 | 258'1793)19.7) 853) —0.7| —2.6, +4.1 
140 | 50 | 2 | 7 | 81.3) 170 | 245)1702/20.9) 884 40.3 —1.8 +1.9 
141 44 2/9 | 66.8) 167 54 | 200/1390 20.8 792} —8.7|—-14.3) —9.7 
142 | 43} 1 | 2 | 68.1) 166) 62 | 960) + 9.4) +3.9| +8.5 
143 | 42 | 4 15 | 55.0) 161) 66 | 173)1202'21.9| 765 
144 | 40 | 2 | 6 104.3) 177) 61 | 2861987119.1| -2.5 42.0 
145 | 85 | 3 | 9 | 73.2) 181) — | 883} —2.3. -6.9| +2.7 
146 | 33 | 1 | 4 | 68.0, 171) 58 | 2061431 21.0 797|—12.5 —15.9|-11.2 
147 31 | 1 | 2 | 78.3) 179] 59 | 255)1772/22.6) 900} —3.1) —5.1) +1.5 
148 | 30 | 3/14 | 81.2) 188 57 | 258:1793/22.1| 865 —6.7/ -8.8 +06 
149 | 29 | 2 | 7 | 64.9) 173) 50 | 229'1591'24.5| —2.3, -0.7 
150 |} 29 | 3 | 54.6) 172) 43 | 236)1640:30.0) 995/+ 10.7) +5.0/4+11.7 
151 | 28 | 3 |10 /156.6) 168] 73 | —1.7/+-17.8/+12.8 
152 | 26 | 2 |11 | 69.6) 175) 53 | 235'1633/23.5| 883) —5.3} —6.9) —2.9 
153 26 | 2 | 9 | 65.2) 182) 70 | +8.8) + 5.8/4 13.6 
154 26 | 1/3 | 63.3; 174) 56 | 239/1661/26.2) 944) +1.8| —0.4) +3.3 
155 25 | 1 4 63.6 159) 68 | 211/1466/23.1) 883) —6.5| —6.9| —9.3 
156 | 2411] 67.2) 178) 54 | 214'1487\22.1) 
157 | 23 | 1 | 6 | 70.2| 62 | 2581793'25.5' 954) +1.2) +0.6| +4.5 
158 23 | 1 | 7 | 65.0) 180) 75 | 255)1772/27.3| 969; 3.9) +2.2) +7.1 
159 23 | 1 | 7 | 64.6 176, 72 | 230/159824.7| 888! —4.9| —6.3) —3.0 
160 | 23 | 4 13 | 61.2) 188) 56 | 202/140322.9| 764 —17.1|-19.4—-12.4 
161 22 | 1 | 7 | 63.3) 176) 55 | 928} —2.1| —0.2 
162 22 | 1 | 5 | 59.3) 171) 54 | 211/1466/24.7) 867) —7.7) —8.5| —7.9 
163 21 | 5 25 | 54.9) 165 67 | 201/1397/25.4) 874, —7.2, —7.8 -—9.3 
71.5) 173) 60 | 237/164823.5| 891; —1.8| —4.4) —0.4 


Average..........| 34 


Average for 136 
men in Series 
hy 27 64.1 173) 61 | 233 1632.25 
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square meter of body surface, the metabolism of these men is likewise 
reported in table 1 on this basis, the surface areas having been estimated 
according to the more modern method introduced as a result ot the admi- 
rable researches of Du Bois (Du Bois and Du Bois, 1916). In view of the 
evidence continually appearing in all the Nutrition Laboratory studies, 
both with men and with animals, we cannot alter our contention, however, 
that, at least so far as short experiments are concerned, the heat production 
(the measured factor in basal metabolism experiments) is entirely independ- 
ent of heat loss and hence of the surface area. At this point we would 
reiterate that we believe heat production is determined 1, by the active 
mass of protoplasmic tissue, and 2, by some existing stimulus (probably of 
acid bodies) to cellular activity. The fact that neither of these factors can 
be measured at the present time does not alter the case, although it does 
admittedly emphasize the practical value of using the surface area as a 
method of predicting heat production. We are strongly inclined, however, 
to support the belief that differences in basal metabolism are more logically 
interpreted with reference to differences in age, height, weight, and sex 
rather than with reference to differences in surface area. 

The average heat production per square meter of body surface for these 
27 men is 891 calories and the range is from 1117 calories in the case of our 
extremely fat man (no. 151) to 764 calories with our tallest individual (no. 
160). It is significant that the average value for the whole group is 34 
calories lower than the average for the earlier group, although the actual 
number of values below 800 calories is the same (four) in both series. On 
the other hand, there are but two values in series II above 1000 calories, 
whereas in series I there are 18 values above this amount. 

It is therefore evident that the metabolism of the group as a whole 
is lower than that of the earlier group of men. This may be in part ex- 
plained by the fact that there is a disposition to lay even greater stress than 
formerly upon complete muscular repose and tranquillity. It may also be 
explained partly by the fact that in the earlier series a fairly large propor- 
tion of the individuals were measured only on one day and there were 
rarely more than three periods on that one day, frequently only two, and 
occasionally only one. The current practice in a number of laboratories or 
clinics of measuring the basal metabolism in the morning during but one 6- 
or 10-minute period is, we believe, fraught with danger. Indeed, we are 
not at all content with the frequent number of instances in our second 
series of data when metabolism measurements were made only on one day. 
But in the greater number of these instances, fortunately, there were from 
four to seven periods. These one-day observations in series II, therefore, 
because based on several periods, more closely approximate the real basal 
metabolism of the individual on the particular day studied than if they 
were based on a single period. It is only to be regretted that measure- 
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TABLE 2 
Basal metabolism of normal women—Series II 


HEAT PRODUCED | DEVIATION MEASURED 
PER 24 HOURS FROM PREDICTED HEAT 


OBSER- 
VATIONS 


SUBJECT NUMBER 


(Du Bois) 


Per square meter | 
Harris-Benedict 
Aub and Du Bois 


CLOTHING) 
Per kilogram 


MINUTE 


| 


| BODY WEIGHT (WITHOUT 
OXYGEN CONSUMED PER 


PULSE RATE 


Days 
Periods 


cc. . | eal, | cal. |per cent| per cent| per cent 
9 | 184/1278,21.8 +2.2) —4.9| +0.7 
| 230)1598/16.5) 807; —2.4| —3.9] —2.3 
| 2061424 18.6 | —1.8) —5.8] —2.2 
| 188 1306 19.5 | —3.4) -7.5) —4.2 
| 233/1619/18.1| +2.9| —0.1) +2.8 
194 /1348/19.8 —3.4/-13.3| —2.0 
| 762) —5.3/—-11.8 —5.7 
207/1438|19.7| 812} —1.4) —6.0) —1.5 
196|1390/20. —1.3) —7.5) —0.6 
| 209/1445/20. +1.2} +1.4 
| 188/1306/18. 
202/1411/21. —0.6 —6.8) +0.2 
| 218/1515/16. —9.0/—11. 
170 1181/21. —10.3/—10. 
—6.8 —10. 
| 158/1098/22 —12.0/—11.8 
| 180)1251/24. —4.9] —8. 
199/1383)23. —0.9) 

| 1931341/25. | +0.0 

| 200/1390 20 —7.5 

| 187,1299/22. 
| 200 1390 25 
| 191|1327/25. 
| 219/1522/27. 
189 1313'25 
1771230 23 
172|1195.26.£ 
197'1369/21 
196 136220.‘ 
190 1320/23. 
| 
218 1515 23.6 
178 1237 19.2 
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612 
tl 
a 
k 
g | 6 
years kgm. 
58 6 
51 3 | 96.8) 159) 7 
| 50 8 76.5) 160 
50 8 | 66.9) 157 
50 6 | 89.4) 161/ 6 
49 18 | 68.1) 172) 7 
48 67.5) 158] 6 
41 | 72.9) 161) 6 
41 66.9) 165; 
40 69.0} 162! 
37 159} 6 
37 | | 165) 
32 | 163) 5 
32 151| 
31 5 
31 6 
30 167! 67 
27 165) 7 
26 6 
26 172) 5s 
26 160) 55 
24 160) 6¢ 
24 180) 63 
23 155] 73 
23 161 65 
23 157, 62 
21 157| 69 
21 
20 
20 
20 
19 
1S 
32 63.5 161 812) — 4.2) —7.3| —4.0 
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ments on at least two days were not available for every subject. Since 
there is a general tendency for the metabolism to be a little lower the 
second time the subject is connected with the apparatus, one would expect 
a slight lowering of these average results, if a second day had invariably 
been secured. However, our considerable experience on this particular 
point in recent years has led us to believe that a lower metabolism on the 
second day is by no means the regular thing, and that if four or more 
periods of measurement are obtained on one day and there is no obvious 
reason to suspect unusual tension or disturbance, the average result for 
these periods generally will represent the probable basal metabolism. 
The tendency for the metabolism of the entire group of men to be somewhat 
lower than the earlier series, however, is worthy of note. 

BasAL METABOLISM OF NORMAL WOMEN. Our series II contains 33 
women, varying in age from 58 to 18 years, in body weight from 45 to 97 
kgm., and in height from 151 to 180 em. (See table 2.) The average age 
is essentially that of the earlier series, 32 years. The average weight is 
63.5 kgm. as compared with 56.5 kgm. in series I, the height 161 cm. as 
compared with 162 cm., and the pulse rate 63 as compared with 69. The 
average Oxygen consumption (and hence the total heat production) is the 
same in both series. The heat production per kilogram of body weight is 
somewhat lower, 21.8 as compared with 24.5 calories. The average heat 
production per square meter of body surface, based upon the Du Bois for- 
mula, is as low as 812 calories in series II, as compared with 850 calories in 
the earlier series. With these women the extremes noted with the men 
in age, weight and height are not found, and this in itself may explain the 
narrower range in the values for the measured metabolism. The lowest 
total heat production, 1098 calories, occurs with subject 119, and the high- 
est, 1619 calories, with subject 108. The heat production per kilogram of 
body weight is lowest with subject 105, 16.5 calories, and highest with 
subject 127, i.e., 27.0 calories. 

In series I the metabolism data for men showed less variability than did 
those for women, but in series II the results for the women are more uni- 
form than are those for the men (the latter being a less homogeneous 
group). Usually it is possible to apply the Harris and Benedict prediction 
formula for men throughout the entire age range back to the age of one 
year with male infants and obtain a strikingly satisfactory average predic- 
tion, whereas with women, particularly under the age of 18 years, the 
formula for women does not hold. Greater variations in metabolism are 
recorded regularly in the study of young women than in the study of 
young men. Practically every problem in basal metabolism presented to 
the Nutrition Laboratory by physiologists and by clinicians deals with the 
interpretation of the measured metabolism of young girls, and we have 

therefore been accustomed to look upon the metabolism of women as much 
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less stable than that of men. This particular series with women militates 
against this general conception, for with the women in table 2 the heat pro- 
duction per square meter of body surface, for example, has a maximum 
value of 988 calories and a minumum value of 736 calories, a much nar- 
rower range than that noted with men in general. On the other hand, the 
entire trend is for the metabolism to be lower than in series I. This again 
is probably in line with the tendency to insist more strongly upon muscular 
repose and absence of psychic disturbance, which latter may be assumed 
to play a slightly larger réle with female than with male subjects. 

THE PREDICTED BASAL METABOLISM FOR SUBJECTS IN SERIES Il. Of 
interest to the clinician is the comparison of the measured metabolism 
with that derived from the various methods of prediction. It is highly 
desirable for the clinician to make such comparisons. With a normal group 
of college age, for example, (at which age most of the measurements bc: hi 
with men and with women have thus far been made), almost any one of tre 
prediction methods gives extraordinarily close estimates. But it hes 
been the experience of the Nutrition Laboratory that with any group of 
ten or more presumably normal college students there is every likelilood 
that at least one will be found with a metabolism somewhat outside as- 
sumed “normal” limits. Hence we believe that hereafter any effort ex- 
pended in measuring the metabolism of college students should be directed 
first toward a series of orientation experiments, and then only those sub- 
jects showing great deviations from the normal should be further studied. 

With groups as non-homogeneous as these in series II were designedly 
planned to be, the closeness of prediction found wi‘h college students is not 
to be expected. To study the accuracy of prediction for such non-homo- 
geneous individuals, we have given in tables 1 and 2 the deviations of the 
actual from the predicted heat production, based upon three commonly 
accepted methods. Since it is our custom in the Nutrition Laboratory to 
use the Harris and Benedict formula, the differences on this basis are given 
first. The variations from the extremely practical Aub and Du Bois 
predictions (almost universally used in American clinics) are next tabu- 
lated, and finally the deviations from the Dreyer predictions, which are 
being more carefully considered than formerly. 

It so happens that the results for our first subject in table 1, Doctor 
Keen, or subject 137, challenge the comparison between these methods 
almost more than the results with any of the other subjects. According 
to the Harris and Benedict prediction, Doctor Keen’s actual metabolism is 
26 per cent above what would be expected for him. This is probably ex- 
plained by the fact that his age is 89 years and in the Harris-Benedict 
formula an age as great as this plays arather dominant réle. Furthermore, 
the shortness in stature cuts down the effect of this factor. The weight is 
about average. So few individuals have been measured at about this age, 
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in spite of the age groups so carefully collected by Du Bois, that it is highly 
speculative as to how far the Harris-Benedict formula would permit one to 
predict the metabolism of an individual of this age. On the other hand, 
according to both the Du Bois and the Dreyer methods, the predicted heat 
production is almost exactly the same as the actual, measured metabolism. 
Since the Du Bois predictions do not extend beyond 80 years, we arbitrarily 
assumed a decrease of 1 calorie per square meter per hour for the decade 
from 80 to 90 years, in conformity with the decrease given by Aub and 
Du Bois for each ten years between 40 and 80 years. The age factor, 
however, plays the greatest rdle in the Dreyer prediction formula. 

Comparison of the weight and the height shows that this subject is some- 
what overweight for his height, and the question arises as to the possibility 
of an incipient obesity. This leads us to a consideration of the methods of 
predicting normal metabolism for obese individuals, and on this point there 
is a great divergence of opinion. If for some reason it had been impracti- 
cable to measure the metabolism of Doctor Keen, it so happens that with 
the Dreyer and with the Du Bois formulas his metabolism could have 
been closely predicted Whether or not such a prediction would represent 
the normal or optimum metabolism for a man of this configuration and 
age is quite a different problem. Doctor Keen has remarkably good health, 
is apparently capable of withstanding any surgical or bacterial attacks, and 
a report in his own handwriting at the time of writing (April, 1928) indicates 
that at the age of 913 years he is enjoying his usual good health, with ac- 
tive participation in scientific meetings. Hence it would be unjustifiable 
to state that his particular configuration is inconsistent with normal life 
at this age. At a younger age, however, a disproportion between weight 
and height of this type would certainly lead the physician to consider 
that the individual was overweight. Whether he has not, in consideration 
of his very active life, a super-normal metabolism may be fairly questioned, 
and since most men of this age cannot even approximate his activity and 
accomplishments, both mental and physical, it is fair to say that we have 
here a high metabolism for age, representing a condition consistent with his 
extraordinary physical well-being. Hence it is debatable whether the 
difference between the Harris-Benedict prediction and his real metabolism 
is not a more accurate index of his unusual physical and mental prowess 
than is the difference noted by either of the other two methods of 
prediction. 

In general the values for any one subject are uniformly plus by all three 
forms of prediction or correspondingly minus. The most striking lack of 
agreement among the three standards is that already noted with Doctor 
Keen (subject 137), with whom the percentage deviations varied from 
+26.2 to +1.1. Another striking exception to the general agreement is 
the case of subject 151, with whom a large deviation was noted of +17.8 
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per cent by the Aub and Du Bois prediction and a deviation of only —1.7 
per cent by the Harris-Benedict formula. 

The deviations above or below the theoretical metabolism are more 
evenly distributed in the case of the Dreyer predictions than with the 
Harris-Benedict and the Aub and Du Bois predictions, for by the Harris- 
Benedict formula there are 9 plus and 18 minus values, with the Aub and 
Du Bois method 7 plus and 20 minus, and with the Dreyer formula 15 plus 
and 12 minus values. It is furthermore of significance that according to 
the Harris-Benedict prediction the metabolism of 6 of these 27 men is 
outside the normal limit of +10 per cent, by the Aub and Du Bois stand- 
ard 6 are outside, and by the Dreyer standard 7. Although these men 
were for the most part purposely selected for their non-conformity to 
standard type, it is somewhat surprising that there is no means of predicting 
the metabolism of the individual any more closely than is shown in table 1, 
and the question arises as to how truly one can predict the heat production 
of individuals who deviate appreciably from the normal configuration. 
It is usually conceded that the Dreyer formula is more successful in esti- 
mating the metabolism of people of unusual form. The average value for 
this group of 27 men, however, disproves this, for the average deviation of 
—0.4 per cent by the Dreyer method is not greatly different from the 
average of —1.8 per cent by the Harris-Benedict formula. By the Du 
Bois standards the average deviation is —4.4 per cent. The most impor- 
tant conclusions to be reached from these data for men are, therefore, 
that the prediction of basal metabolism for individuals of unusual con- 
figuration is very uncertain but that the prediction for even a small group 
of individuals (27), with wide differences in age and configuration, may be 
made with extraordinary accuracy. 

For the women listed in table 2 the predictions have been derived from 
the same three standards. Inspection of table 2 shows that the number of 
women whose metabolism deviates from the normal standards by more 
than +10 per cent is five by the Harris-Benedict formula, eleven by the 
Aub and Du Bois method, and five by the Dreyer method. Considering 
all three standards together, there are in the entire list of 33 women eleven 
who have a metabolism varying by more than +10 per cent from any one 
of the predictions. 

The fact that the average percentage deviation of the measured from the 
estimated heat production is a minus value on each of the three bases of 
prediction, and the rarity of plus values among the individual figures are 
evidences that the predictions for women are too high. Thus, by the 
Harris-Benedict formula there are but 6 plus and 26 minus values, by the 
Aub and Du Bois 2 plus and 31 minus, and by the Dreyer method 9 plus 
and 24 minus values. Furthermore, there is but one woman (no. 127) 
in the entire group whose metabolism is more than 10 per cent above the 
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prediction. The results even with the heavy weight subjects are low 
rather than high. Subject 105, although very heavy, was a hard worker, 
accustomed to cleaning around college buildings, and yet in spite of her 

weight, her metabolism is slightly below rather than above prediction. 

Another distinctly obese subject, no. 108, has a normal metabolism on all 

three prediction bases, and the fat woman, no. 116, has a distinctly de- 

ficient metabolism, not far from 10 per cent below the standards. With 

this series of women, therefore, the predicted metabolism by any method is 

distinctly too high. 

PRACTICABILITY OF PREDICTION STANDARDS. If predicted values for basal 
metabolism are to be used as an optimum to be attained by dietetics, 
medication, or by surgical treatment, a more critical consideration of the 
methods of prediction is imperative The optimum metabolism for a fat 
individual, for example, has been the subject of much discussion. The 
obese man, subject 151 (see table 1), has a high measured metabolism by 
two out of the three methods of prediction, in fact, 17.8 per cent above the 
Aub and Du Bois standard. Certainly the total heat producton of this 
subject (2821 calories) and the heat production per square meter of body 
surface (1117 calories) are high, and although the heat production per 
kilogam of body weight (18.0 calories) is numerically the lowest in the list 
of men, relatively it must be considered as a high value, since such a large 
proportion of his body weight was composed of inert fat The comparison 
between the measured metabolism and the predicted metabolism of fat 
individuals has been used to serve as an index of the optimum in diet 
restriction or, in a number of cases, in medication. When the metabo- 
lism is low according to the prediction standards, medication is introduced 
to bring it to a higher level and thus increase the loss of fat by internal 
action. To what extent can the metabolism be safely increased or de- 

creased? To what metabolic level can the fat person be brought with 
safety and with optimum results? A prediction involving weight may be 
assumed to be too high, and a prediction based upon skeletal measure- 
ments, particularly breadth in comparison with height or one taking into 
consideration the height for weight or the weight computed from skeletal 
measurements, would perhaps be more logical. In any event one must 
bear in mind that the fat individual has a large load to carry and to provide 
with blood. If the musculature is proportionately developed and attuned 
to this load and the heart adjustments are correct, the normal optimum 
metabolism may be attained, but too frequently such adjustments are not 
accomplished. 

Judging from the number of large plus or minus deviations from the 
predicted metabolism, as shown by the data for men in table 1, we would 
be justified on old standards in assuming that of this group of individuals 
at least one-third were physiologically abnormal. But those of us who 
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have personally conducted the experiments upon these men cannot concur 
with this point of view. We are rather inclined to question the validity 
of the current methods of prediction for the obese type of individual or the 
person of unusual configuration, and particularly to question the inter- 
pretation of the metabolism measurements. This points out clearly the 
necessity for an elaboration of basal metabolism studies, to include further 
measurements on individuals who, although logically classified as being 
“presumably in good health,’ are of advanced age and particularly of ex- 
cess weight and unusual configuration. 

The Nutrition Laboratory is far more interested in a general survey of 
normal basal metabolism than in the application of any prediction method 
to hospital work. Up to the present time perhaps the most practical use 
of basal metabolism measurements has been in the clinic. But these meas- 
urements are now beginning to play an important réle also in the compari- 
son of different races, and it is believed that they will soon be used in the 
annual physical assessment of normal individuals. Measurements ob- 
tained on physiologically normal people should therefore not be confused 
with determinations on so-called “hospital normals.’”’ Indeed, we are 
strongly opposed to the use of “hospital normals” for obtaining physiologi- 
cal standards. People go to the hospital only when they do not feel well. 
They may experience nothing more than a feeling of slight malaise, but 
frequently there has previously been a period of lack of appetite, poor 
digestion, disturbance of sleep and of the customary habits of life. For 
these reasons we believe that “hospital normals” are in a distinctly ab- 
normal condition psychologically if not, indeed, physiologically, and this 
condition may at times approximate undernutrition which, as is well 
known, has a pronounced depressing effect upon metabolism. If, however, 
standards are needed for clinical use, it is more than likely that metabolism 
measurements on “hospital normals’’ will find their justification. But 
in this case the low physical condition ordinary with such individuals when 
they reach the hospital (accompanied by a tendency for a lower metabo- 
lism) should certainly be given due consideration, and perhaps the stand- 
ards should be somewhat lowered for clinical use. This, however, is a 
matter for the clinician and not for the physiological laboratory. 

The use of basal metabolism measurements in the clinic has progressed 
rapidly and has unquestionably been considerably overdone. Often with 
complete disregard of the psychic state of the individual, metabolism 
measurements have been made which have been interpreted as indicating 
an endocrine disturbance, followed at times by drastic medical treatment 
or, indeed, by surgical intervention. The fact is too often overlooked 
that in a large group of normal men several may have a measured metab- 
olism deviating from the standards by more than +10 per cent, as did 
9 men, for example, in our group of 27 men in series IT. 
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It has been the impression of the Nutrition Laboratory that the standards 
for women are in general a little too high and should be lowered. This is 
much the impression in other laboratories. The conjecture was put forth 
by MacLeod, Crofts and Benedict (1925a, 1925b) that if the standards for 
women are to be used regularly, they probably should be lowered by about 
5 per cent, so far as American women are concerned. An examination of 
the data for women in our series II (see table 2) shows that on the average 
their metabolism is about 4 per cent lower than the standards. Several 
of these women, however, were of unusual configuration, and it is there- 
fore questionable whether the data obtained with this group should be used 
solely as the basis for a proposed lowering of standards. But since prac- 
tically all our normal women have a heat production on the average about 
5 per cent lower than the present-day standards, we suggest that the 
standards for women be lowered by 5 per cent. Aub and Du Bois (1917) 
estimate that the metabolism of women is in general 7 per cent below their 
standards for men. We would propose a still further drop, so that the 
difference in the sexes would be represented by 12 per cent. As pointed 
out elsewhere (MacLeod, Crofts and Benedict, 1925a, 1925b), however, 
this lowering of the standards has two important bearings. In the first 
place, it accentuates the sex difference and causes one to question the 
validity of the assumptions underlying the surface area law. Secondly, 
it brings out the fact that the metabolic level of a number of women for- 
merly considered to be, for example, +7 per cent, now, by virtue of lower- 
ing the standard, becomes +12 per cent, and hence these women imme- 
diately become pathological cases in accordance with the pronouncement 
of numerous clinics. We suggest, therefore, that on the basis of the ex- 
perience of this laboratory and others, American clinicians immediately 
recognize that the present prediction standards for women may be safely 
considered to be 5 per cent too high. In making this change in level, 
however, careless interpretation of results must be avoided, for otherwise 
women who enjoyed presumably good health before this correction was 
made, immediately are thrown into an ‘‘abnormal”’ class. 


SUMMARY 


Supplementing the large series of normal basal metabolism data pub- 
lished in 1919 by the Nutrition Laboratory, a second series is given for 
27 men and 33 women. The ages in the new series are in general higher, 
the number of individuals of college age being kept to a minimum, and 
individuals of unusual configuration have been included. The average 
metabolism, both of the men and of the women, was lower in the second 
series than in the first, partly explained by the fact that greater stress is 
now being laid upon making metabolism observations under true basal 
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conditions and partly by the fact that the data in series II are based in 
larger part upon more than one day’s observations. 

Comparison of the actually measured metabolism with the metabolism 
predicted by the Harris-Benedict, the Aub and Du Bois, and the Dreyer 
standards shows that with the 27 men the average deviations are —1.8, 
—4.4 and —0.4 per cent, and with the 33 women —4.2, —7.3 and —4.0 
per cent, respectively. The widest discrepancies are noted with the in- 
dividuals of unusual configuration. These comparisons lead to the con- 
clusion that if predicted values for basal metabolism are to be used as 
criteria for determining medical or surgical treatment, a more critical 
consideration of the prevailing methods of prediction is imperative, espe- 
cially as concerns the obese individual, those suffering from endocrine dis- 
turbances, and those of unusual configuration. Basal metabolism measure- 
ments in the clinic have too often been employed without due regard to the 
fact that even in a group of normal people the measured metabolism of 
some of the individuals may deviate from the standards by more than +10 
per cent and yet the person may be normal. 

The use of “hospital normals’ for obtaining physiological standards is 
opposed, although such use may be justified in securing clinical standards. 
In this case, however, the low physical condition ordinary with such in- 
dividuals should be recognized. 

The present prediction standards for women are believed to be too high 
and should be lowered by about 5 per cent. In lowering the standards, 
care must be taken in the interpretation of the comparison between the 
measured and the predicted metabolism for women who would, by such a 
reduction, be thrown outside the normal limits of +10 per cent. 
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As a supplement to anthropometric records the measurement of the basal 
metabolism is believed to be a physiological observation of great impor- 
tance. Recognition of this measurement as the best index of the level of 
nutrition and of vital activity is becoming more extensive and its special 
use in the diagnosis of endocrine disturbances is being actively furthered, 
but its value as a general physiological measure of the level of vital activity 
should be particularly emphasized. In connection with an anthropometric 
survey of certain populations in Jamaica, carried out by the Department of 
Genetics of the Carnegie Institution of Washington, coéperation with the 
Nutrition Laboratory has resulted in a study of the basal metabolism of 
some browns and blacks in that locality. 

These basal metabolism measurements were made possible by the de- 
velopment at the Nutrition Laboratory, precisely for this type of work, 
of a “field respiration apparatus” which is compact and easy to transport, 
simple to operate, requires no gas analysis or weighing, and enables rapid 
calculation of results. This apparatus embodies the principles underlying 
some of the larger respiration apparatus in regular use at the Nutrition 
Laboratory in Boston (Benedict and Benedict, 1923a, 1923b) It consists 
of a brass can, A (see fig. 1), containing an absorbent (soda-lime) of carbon 
dioxide, and covered with a light-weight bathing cap, C. Two rubber 
valves (only one of which, V;, is shown in fig. 1) are attached to this can 
and connect with rubber tubes leading to the mouth of the subject. As 
the subject breathes into this closed system, the expired air is caused to 
circulate through the can, entering through one valve, passing through the 
soda-lime, where it is deprived of its carbon dioxide, and returning through 
the other valve back to the mouth. Free respiration is assured by the 
light-weight bathing cap, which rises and falls with each respiration. The 
system is first filled with fairly pure oxygen. The subject then begins to 

1 Field research carried out under the Colonel W. P. Draper fund for the study of 
race crossing. 
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breathe into the apparatus, the oxygen used in the process of respiration 
is removed from the system, and the total volume gradually decreases as 
time goes on. At the end of about ten minutes approximately two liters 
of oxygen will have been used, and since the total volume of the system 
is purposely kept small, it is necessary to add from time to time a definite, 
known volume of oxygen. An extra supply of oxygen is stored in the 
rubber bag, B, which is an ordinary basket-ball bladder.2~ A known 
volume of oxygen is removed from this bag and introduced into the can, 
A, by means of a simple, though extremely accurate, calibrated pump, P. 
The time required for the utilization by the subject of the volume of oxygen 


Fig. 1. A field respiration apparatus for use on expeditions in measuring the 
oxygen consumption of humans. 


represented by one pump stroke (usually about two minutes) is accurately 
recorded. The time records are continued until six pumpfuls of oxygen 
have been introduced. From such records of the time involved in the 
utilization of six pumpfuls, a regular oxygen consumption is usually noted. 
The number of pump strokes can be plotted against the time, a straight 


2In this particular research, since conservation of oxygen in the field was not 
essential, the basket-ball bladder was not used. The closed system was first highly 
enriched with oxygen from a cylinder of the compressed gas. Then, as the subject 
breathed into the apparatus and absorbed oxygen, room air was introduced by means 
of the pump, to take the place of the oxygen withdrawn. As has been emphasized, 
however, this particular procedure is without significance in the calculation of 
results, and the apparatus as pictured in figure 1, with the technique as abstracted, 
is that more particularly adapted for field work. 
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line drawn through the plotted points to prove the accuracy of the time 
records, and the oxygen consumption per minute can be obtained with 
great accuracy. Since the calorific value of one liter of oxygen under 
normal basal conditions is 4.825 calories, the actual heat production per 
minute can readily be calculated from the oxygen consumption. The 
technical details of the construction of the apparatus, its accurate manipu- 
lation, and the simple calculations involved, have all recently been de- 
scribed in detail (Benedict, 1927). 

These studies at Jamaica were the first begun and completed in the 
Nutrition Laboratory’s plan for a general survey of racial metabolism. 
The experiments were under the personal direction of one of us (M.S.), 
who had previously received several weeks’ training at the Nutrition 
Laboratory in the use of the apparatus. Several other coéperative re- 
searches on racial metabolism are also in progress at the present time, in 
which this same type of apparatus is being employed. 

Location. The metabolism measurements were made at Jamaica, B. 
W. L, specifically at Constant Spring, Gordon Town and Kingston. At 
Constant Spring and Gordon Town the apparatus was set up in the office 
of the Jamaica Hookworm Commission, which is under the direction of the 
Rockefeller Foundation. To Dr. B. E. Washburn and Dr. I. Crutchley 
who are in direct charge of the hookworm work in Jamaica we are indebted 
for the use of their building. Constant Spring, which is six milesnorth of 
Kingston, is about 500 feet above sea level. Gordon Town, nine miles 
northeast of Kingston, is approximately 2,000 feet above sea level. 
Through the kindness of Mr. A. J. Newman, principal of Mico College, 
Kingston, we were permitted to use for the measurements a building 
separated from the chief activities of the college. The authors wish to 
thank also those who served as subjects in the experiments and the staff 
at Mico College, who allowed the students to leave the college during class 
hours. 

Subjects and experimental conditions. Most of our observations were 
made with brown people, of whom thirty-seven were men and five women. 
In addition, eight male blacks were studied. The results of the experi- 
ments are given in tables 1,2 and 3. The majority of the men were from 
Mico College and represent a peculiarly homogeneous group, so far as 
age, nutritive state and living conditions (including exercise) are con- 
cerned. These Mico College men were studied either at Constant Spring 
or at Kingston, but the locality for these subjects is given in the tables as 
“Mico College,” to indicate that they were students. They were for the 
most part between the ages of 19 to 22 years. The women were older, 
between 23 and 30 years of age, with the exception of one who was 40 
years old. 

As is common with three-fourths of the inhabitants of Jamaica, a large 
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proportion of these subjects were mildly infected with hookworm. Other 
than this they were supposed to be in good health. One subject (VIII) 
had been told by a physician that he had a “bad heart’”’ and had been 
advised not to play football. That this is of any significance in con- 
nection with the fact that his metabolism (see table 1) happened to be 
fairly high is hard to state. 

The mouth temperature was taken in all cases, to assure absence of a 
febrile condition. 

At the start the subjects, although desiring to be coéperative, were 
certainly somewhat apprehensive, and it required not a little ingenuity 
and diplomacy to adjust them to the novelty of the situation. Ideally 
duplicate experiments should have been made with each subject on two 
different days, not too far apart. This was possible with fifteen cases, 
but frequently we had to be content with one day’s observations and in 
five instances with only one experimental period on that day. There are 
ten experiments in which only one period was obtained on a particular day, 
but in five of these cases two successful periods were secured on some 
succeeding day, so that in reality there are but five cases based on only one 
experimental period. We have every reason to believe that a true measure 
was secured of the so-called “‘basal metabolism,” that is, the minimum 
oxygen consumption of the individual when in muscular and psychic 
repose, at least 12 hours after the last meal, and with a normal body 
temperature. In a number of cases the metabolism was determined on a 
second day, either within a week’s time or about a year later. Almost 
invariably these second experiments check the previous experiments and 
therefore serve to control the probable accuracy of the results. Obviously, 
in the case of experiments a year apart, the effect of age cannot be con- 
sidered as of any significance, because of the particular age range studied. 
In field work with subjects who are not strictly under control, it is impos- 
sible to carry out experiments under ideal conditions and to insure a 
consecutive series of periods, establishing beyond doubt the actual basal 
metabolism. The data at least represent a fairly large group of indi- 
viduals, with usually a sufficient number of periods to establish the metab- 
olism on that particular day, and not infrequently with observations a 
few days apart, which in many instances confirm each other. It is there- 
fore believed justifiable to compare the general picture of the basal metab- 
olism of these browns and blacks with the basal metabolism of white 
men. That our subjects were not unduly disturbed by these experiments 
seems to be borne out by the pulse rate, which in general is essentially 
normal. Indeed, it so happens that the average pulse rate of this group 
of male browns is 61.7 beats per minute, a valye which agrees almost exactly 
with the average value found by Harris and Benedict with 121 male whites 
at a northern latitude (Harris and Benedict, 1919a). 
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As is seen from the tables, the mouth temperature was almost invariably 
close to98°F. There is therefore nothing significant in these temperatures. 

For a strict comparison with white men it would have been ideal to have 
measured in the same localities in Jamaica a number of whites, preferably 
living under exactly the same conditions as regards climate, altitude and 
particularly diet and activity. This was wholly out of the question. A 
few fragmentary observations were made, but these were not of sufficient 
value to justify reporting. Unfortunately, altogether too few basal 
measurements have thus far been made south of the Mason and Dixon 
line. The comparison, therefore, has to be based upon the well-established 
prediction standards for normal white people, derived for the most part 
from measurements made in American laboratories in the northern states. 

In general the observations were made under temperature conditions not 
unlike those obtaining in many American laboratories, in spring and 
summer. But although the room temperatures shown in the tables are 
not far from those of American laboratories in summer, these temperatures 
were recorded early in the morning, indoors, and represent fairly low 
temperatures for the day. A good part of the day the temperatures were 
much higher. In a study of this kind it must be realized that the factors 
which may possibly affect the basal metabolism are numerous. In addi- 
tion to the well-known factors of age, sex, height and weight, there is the 
possible influence of environmental temperature, the influence of humidity, 
and particularly the effect of dietetic habits, with special reference to the 
amount of protein consumed. There are also other factors as yet not 
wholly recognized, but at least potentially of influence, such as sunlight, 
and the different degrees of physical activity exhibited either in work or 
in the extreme lassitude so frequently found in tropical countries. 

The whole question of racial metabolism is so complicated by all these 
factors that any discussion bearing upon this question must be considered 
tentative at the present time. The statements made in this paper are 
believed to represent as clearly as possible the situation which existed at 
the time of the measurements. Other racial studies in different parts of 
the world are now in progress, however, and with the accumulation of 
further data undoubtedly a modification of certain of our conclusions 
may be expected. 

Browns. The data secured with the browns are given in table 1 for the 
men and in table 2 for the women. The values for the oxygen consump- 
tion per minute have been reduced to 0°C. (dry) and 760 mm. In the 
last column of the tables is given the percentage deviation of the actual 
heat production (computed from the oxygen consumption) from the heat 
production predicted from the age, weight, and height, by the Harris- 
Benedict prediction formulas (Harris and Benedict, 1919b; Carpenter, 
1924). 
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It so happens that the metabolism of subject I in his first experiment on 
November 6, 1926, was 1.6 per cent below the predicted metabolism. 
One week later it was 11.7 per cent above. Fortunately differences of this 
character are not commonly experienced, especially when the measure- 
ments are but a week or so apart. We record them, however, believing 
that they represent the true situation existing at the time of measurement 
although we will not discuss in extenso the factors other than racial which 
might have affected the metabolism. In the last column of table 1, 
where the percentage deviations from the Harris and Benedict standard 
are given, it can be seen that there is a preponderance of minus signs. In 
the entire column, for example, there are only ten plus signs with the male 
browns. It is unfortunate, especially in the case of subject I, that experi- 
ments were not made on other days with these same subjects, to confirm 
these plus values. 

In general the metabolism of this group of male browns, under con- 
ditions existing in Jamaica, tends to be somewhat lower than that com- 
monly ascribed to male whites. This is all the more significant, for in this 
particular age range (that is, the college age) the number of observations 
available for male whites is greatest, colleges being places where volunteer 
subjects are most easily obtained. Judging from all previous experience 
with new subjects, we would expect the measured metabolism to be a little 
high rather than low, due possibly to the psychic element, particularly 
on those days when only one period was obtained and confirmatory experi- 
ments were not available. On the contrary, the reverse is so frequently 
found that no general rule can be laid down. Indeed, with subject I the 
metabolism on the second day was much higher than on the first. Taken 
as a whole, however, the data indicate that, if duplicate experiments had 
been made with all the subjects or a longer series had been made, the 
metabolism values might possibly have been even a little lower. 

The average deviation of the actual from the predicted metabolism of 
this group as a whole is—5.4 per cent. We believe this can be taken as a 
true index that the male browns have a somewhat lower basal metabolism 
than white men. These observations, at least so far as the male browns 
are concerned, fall in approximately between the findings of Eijkmann 
(1896, 1921), who observed that there was no difference in the metabolism 
of white people and of natives in the tropics, and Almeida (1921, 1924), 
who found that the basal metabolism of Spaniards and likewise of negroes 
in the tropics was in general 20 per cent below that of northern whites. 
Recently Hindmarsh (1927) has reported the results of a study of 76 white 
students in the warm climate of Sydney, New South Wales, Australia. 
With the men there was an average deviation of the actual from the pre- 
dicted heat production of —8.9 per cent and with the women of —10.5 
per cent. 
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To what extent the climate of Jamaica may be considered tropical when 
compared with that of other tropical localities is debatable, and to analyze 
completely the meteorological conditions obtaining in Jamaica is some- 
what difficult. The room temperatures during the experiments are not 
unlike those that might easily be obtained in many laboratories in the 
United States during a corresponding season of the year. These room 
temperatures are early morning temperatures. The temperature outside 
was practically the same as indoors, and the men were subjected for many 
hours of the day to even higher temperatures. Therefore, although in 
these experiments we were not dealing perhaps with the extreme tropical 
conditions, we must at least have been dealing with temperatures closely 
approximating the average tropical climate, if such a general statement is 
permissible. Furthermore, these people were living at essentially a 
constant temperature nearly the year round, the extremes of seasonal 
variations being wholly absent. The actual room temperature obtaining 
at the time the measurements are made may not necessarily, however, 
affect the basal metabolism, for we are inclined to think that the metab- 
olism is sufficiently fixed not to be affected by any sudden change in 
environmental temperature. But there may have been a_ prolonged 
period of hot, muggy weather prior to the date of the experiment, which 
may of itself have altered the metabolism. 

Undoubtedly the protein intake was much lower than is commonly the 
case with American students. Hence on this ground alone we would expect 
to find a somewhat lower metabolism. That the physical activity was 
much lower than that of the average American college student is highly 
probable, although the men could hardly be classified as sedentary in- 
dividuals. It might be argued that, although the metabolism of these 
male browns is somewhat below that of American college students (and 
this points towards a distinct racial effect), if allowances could scientifi- 
cally be made tor the lower protein intake and for the somewhat higher 
temperature and humidity, the racial element as such might in large part 
disappear. Groups of white men and women, varying widely in age and 
general configuration, have recently been shown to have a metabolism on 
the average very close to the prediction (Benedict, 1928). It is therefore 
believed that the prediction standards are satisfactory and that the average 
deviation of —5 per cent noted with the group of male browns by itself 
must be considered significant. 

With the male browns, therefore, the general picture is seemingly that of a 
slightly depressed metabolism. But the situation is considerably obscured 
by the fact that smaller groups of female browns and male blacks (see 
tables 2 and 3) do not confirm this finding. In the absence of white 
controls in this area there still remain the elements of diet (particularly 
the protein intake) and climate as possible depressing factors. But neither 
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of these factors presumably affected the small groups of female browns and 
male blacks studied. Consequently, although with the male browns 
there is a suggestion of a low metabolism, the evidence is not sufficiently 
clear to justify considering that the metabolism of this group as a whole 
is pronouncedly low. 

With the female browns but seven basal experiments were made (see 
table 2). The ages were somewhat higher than with the males. The 
mouth temperatures were within normal limits, and no obvious extraneous 
factors appear that would lead us to suspect an effect upon the metabolism. 
The room temperatures were likewise within the Nutrition Laboratory’s 
experience. The pulse rates are missing in several instances. With these 
women the metabolism was on the average 3.4 per cent below the average 
predicted metabolism of white women (Harris-Benedict prediction). 
Since it is contended that the American prediction averages for women are 
in all probability about 5 per cent too high (MacLeod, Crofts and Benedict, 
1925a; 1925b), this average percentage deviation of —3.4 is fully within 
what would be expected for a group of American women of similar age, 
height and weight. Therefore these female browns show a fully normal 
basal metabolism rate. Since the group of female browns is small, it is 
somewhat precarious to draw any general conclusions. We wish to 
emphasize, however, that these women were an unusually rugged, active, 
and hard working group, accustomed to carry heavy loads of garden pro- 
duce on their heads for long distances into the city for sale. 

Buacks. A group of male blacks was included in our study, and the 
data for these subjects are given in table 3. The age range again is nar- 
row, only from 19 years to 23 years and 10 months, and again the metab- 
olism in most cases is slightly below that predicted for white men by the 
Harris and Benedict formula. However, the gross deviation noted with 
brewns is absent, which may have been due to the fact that the series is 
much smaller. The widest deviations found are —9.2 and +6.6 per cent. 
The average deviation with regard to sign is —2.0 per cent. Since with 
these blacks wé are undoubtedly dealing with essentially the same en- 
vironmental conditions of temperature, food and probably activity, as 
with the browns, it would seem as if the blacks have a slightly higher 

metabolism than the browns. The group, however, is altogether too small 
to draw any such sweeping deduction, but we are justified in saying that the 
basal metabolism of the blacks in this relatively small group, living under 
the conditions obtaining in Jamaica, is essentially that of white men, 
based upon standard prediction tables. 


CONCLUSIONS 


With a group of 37 male browns in Jamaica the heat production on the 
average was 5.4 per cent below that predicted by the Harris-Benedict 
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standard for white men of corresponding age, weight, and height. A small 
group (five) of female browns had a metabolism averaging 3.4 per cent 
below the prediction standard for white women, a standard which is 
admitted to be somewhat too high. This evidence would imply that the 
metabolism of female browns is more nearly like that of normal American 
women than is the case in the comparison between the male browns and 
white men. Unfortunately the female group is too small for convincing 
discussion. With eight full-blooded male blacks the situation is much the 
same as with the female browns. The deviations from the predicted 
metabolism are smaller and the average deviation is but —2.0 per cent, 
showing that they have essentially the same metabolism as northern whites. 
A study of whites in Jamaica is desirable, to note the influence, if any, of 
temperature, humidity and diet. 

With the recurrence of the early conception that in a warm environment 
the heat production is lower than in a cold environment, it would seem as 
if a tropical environment would make for a much lower metabolism than 
that obtaining in the temperate zones. The fact that at the higher 
environmental temperature the female browns and the male blacks (al- 
though few in number) had a metabolism on the average not markedly 
different from that of whites in the northern latitudes suggests that the 
climate in this locality and the diet probably have no pronounced effect 
upon heat production. 
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In the physiological laboratories at Mount Holyoke College and Teachers 
College, New York, Chinese and Japanese women were found to have a 
basal metabolism distinctly lower than the standards for American women 
of like age, weight and height. The depression in metabolism (on the 
average —10 per cent) was such as to leave no doubt that with these 
Oriental women the heat production is at a low level, even if due allowance 
is made for the probability that the commonly accepted standards for 
American women may be 5 per cent too high (MacLeod, Crofts and 
Benedict, 1925a, 1925b). This conclusion led to the suggestion that race 
is a specific factor influencing metabolism, and as an outcome of this 
research the Nutrition Laboratory has undertaken a general study of 
racial metabolism, in which the coéperation has been enlisted of a number 
of investigators connected with archaeological, geological and magnetic 
expeditions to various parts of the world. For this purpose a special 
respiration apparatus (Benedict, 1927, 1928a, 1928b) has been constructed 
and furnished by the Nutrition Laboratory to each of the co-workers, and 
training in the technique has been, in practically all cases (including the 
study here to be reported), received at the Nutrition Laboratory. 

From what little is known with regard to the influence of environment 
upon basal metabolism, several characteristics of a locality are to be 
recognized as potential factors affecting metabolism. Climate may play a 
role. Thus, there is a general notion that the warmer the environment, 
the less heat is needed to combat the cold, and in line with this it is reasoned 
that the warmer the climate, the lower is the metabolism. The diet, with 
particular reference to the amount of protein intake, is another potential 
factor, for with a low protein intake a low metabolism might be expected. 
The influence of humidity upon the vaporization of water from the skin 
should also be considered. In addition to these factors, which are in- 
separably involved with the locality, there are such influences as athletic or 
muscular build and the general nutritive state. A weak, flabby person, 
for example, is supposed to have a lower heat production than one who is 
in good physical condition. In view of the variability of these factors it 

634 


BASAL METABOLISM OF MAYAS IN YUCATAN 635 


is, to say the least, venturesome to attempt to isolate and study a still 
further possible factor, namely, that of race. The Oriental students at 
Mount Holyoke College and at Teachers College were living under the 
same conditions of temperature and humidity as their American college 
mates, engaged in the same degree of athletic exercise, all partook of the 
same food in essentially the same normal amounts, and there was cer- 
tainly nothing abnormal in their physical configuration and development. 
This original observation, therefore, seems most ideally convincing, since 
practically all the other potential influences except race were ruled out. 
When a racial study is to be made, however, during an expedition, these 
characteristics of a locality exist and cannot be eliminated. It might be 
possible to avoid differences in climate and humidity, for example, by 
studying colonies of the various races in some of our large cities, after they 
have become acclimated. But such colonies would not represent the 
Mayas, the inhabitants of New Guinea, or the Indians living well up in 
the Andes. The alternative is to secure metabolism measurements upon 
the natives of any given place through expeditions sent out primarily for 
this purpose or willing to coéperate incidentally in connection with their 
own work, and to attempt to eliminate in part these other factors by ob- 
serving their effects upon the white or American members of the expedi- 
tion. Ideally, therefore, the research should include not only basal 
metabolism measurements with a group of natives but frequent observa- 
tions upon the white members of the staff, in order to determine whether 
the environmental conditions (particularly climate) and, to a certain 
extent, the food will alter the metabolism of the whites either immediately 
after arrival or within due course of time. 

An opportunity to conduct an investigation along such lines was pre- 
sented in 1927, when an expedition sent out by the Carnegie Institution of 
Washington to study Middle American archaeology (particularly in the 
region of Chichen Itz4, Yucatan) and the ancient civilization of the Mayas, 
collaborated with a physical, anthropological expedition sent out by 
Harvard University, which did its work in the same region. In the ex- 
cavations at Yucatan native Indians (Mayas) were employed, a number 
of whom were used as subjects for metabolism measurements. These 
Mayas represent the descendants (both mixed with Spanish and relatively 
unmixed) of one of the primitive American races, and hence a study of 
their basal metabolism has specific interest. On the staff of this expedition 
were a number of whites, who kindly volunteered for metabolism measure- 
ments. This particular racial survey is therefore one of the first in which 
it was possible to obtain control observations upon the white personnel. 
That this control did not enter to its fullest extent is freely admitted, but 
at least its importance was recognized, and it is hoped that this recognition 
will be a stimulus to the inclusion of such a control in subsequent racial 
investigations. 


636 


GEORGE D. WILLIAMS AND FRANCIS G. BENEDICT 
The metabolism data collected on this expedition to Yucatan contribute, 
we believe, in part to two main theses, 1, the influence of a sojourn in the 
tropics upon the basal metabolism of northern whites, and 2, the influence 
of race upon the basal metabolism of the native Maya. The effects of 
previous diet, muscular activity and possibly environment and changes in 
season so complicate the whole question of racial metabolism that the 
influence of this factor upon metabolism cannot be wholly understood 
until a large number of racial studies have been made. The general 
trend of metabolism with any one race may be found from individual 
investigations, however, and it seems best to present the outcome of each 
separate research as it is completed, reserving the final analysis of the 
entire problem until at least a considerable number of returns are in. 
This decision is strengthened by the interest of anthropologists in general 
in this problem and the demand for information regarding the specific 
peoples concerned in each expedition. The present paper represents the 
second of a series of reports on racial studies, the first of which dealt with 
the basal metabolism of some browns and blacks in Jamaica (Steggerda 
and Benedict, 1928). The statements set forth in these two papers are 
believed to represent the situation as clearly as possible with the present 
knowledge available. The discussion must, however, be considered 
tentative. The accumulation of experimental material is still going on in 
various parts of the world, and as more data are collected an alteration 
in some of the hypotheses advanced in this series of papers may undoubt- 
edly be expected. 

Climate. Chichen Itzd lies about 20 degrees north of the equator. The 
shade temperature outdoors during the season from February to May, 
in the daytime, varies from 75° to 90°F., averaging about 80° or 85°F. 
There is no rain during this season. The climate is sub-tropical rather 
than tropical. In the period from July to September, during the rainy 


season, the humidity is greater and there is a mean slight decrease in the 
temperature. 


INFLUENCE OF A SUB-TROPICAL CLIMATE UPON THE METABOLISM OF 
WHITES. While the technique was being acquired by one of us (G. D. W.) 
in Boston, advantage was taken of the opportunity to determine the basal 
metabolism of three white members of the staff before the expedition left 
for Yucatan. Almost immediately after their arrival in Yucatan and also 
after eight months’ stay measurements were again made on these same 
individuals, as well as on a fourth staff member After the return to 
Boston another series was obtained. The results are recorded in table 1. 
In Boston the observations were made with the portable respiration 
apparatus, employing the spirometer (Benedict, 1925). In Yucatan they 
were made with the field respiration apparatus (Benedict, 1927, 1928a, 
1928b). Innumerable comparisons of these two apparatus, however, 
have shown that both give the same results. 
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With subject I the oxygen consumption was 236 cc. per minute in 
January, i.e., in Boston, and 238 ec. in March, shortly after he reached 
Yucatan. In September, after eight months in Yucatan, it was 228 
ec. or 4.5 per cent lower. Following his return to Boston, in October, his 
metabolism had fallen from a level of 236 cc. to 181 ec., a depression of 
nearly 25 per cent. This fall in metabolism we are unable to explain. 
There was, to be sure, a loss in body weight of 2 kgm. between January 
and October, but this is too small to explain the great change in metab- 


TABLE 1 


Basal metabolism of northern whites before, during, and after an 8-month 
stay in Yucatan 


} = > 
SUBJECT | Sa zs 
NUMBER AND PERIOD | DATE OF EXPERIMENT & a 
| | | x < 


1927 


Jz 


Before January 28 7 
During | March 22 } 3 | 27.1 
I || During September 21 | 3 | 25.3 | Sl. 
172 em. || After October 24 3 | 52.3 | 74 | 181 
|| After March 10 (1928); 2 | | 52.0 | 90 218 
After | March 12 (1928); 2 | 52.0 212 
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171 em. | During March 19 | 3 | 27.0 | 67.9| 52 6.5 | 208 
‘|| After | November 12 4 | 68.2 | 58 | | 205 


March 27 


III || During 
November 12 


176 cm. After 


Before | January 28 3 | 18.4 | 54.6| 61 | 17.6| 170 

IV |; During | March 22 3 | 26.1 | 56.6) 64 | 19.5] 177 
151cm.}| During | September 20 3 | 29.8) 54.8| 71 | 15.0] 183 
(| After October 24 3 56.5 171 


olism. It was hoped that a check on this October record could be made, 
but the subject (one of the authors) moved from Boston to St. Louis, 
and hence no further observations could be made at the Nutrition Labora- 
tory. After his arrival at St. Louis, however, two basal determinations 
were made on March 10 and 12, 1928, through the kindness of Doctor 
Bulger of the Washington University Medical School. On these dates 
his oxygen consumption per minute was 218 and 212 cc., respectively. 

Subject II underwent no change in weight and had almost identically 
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the same oxygen consumption in Boston as in Yucatan. In his case, 
however, no measurement was secured at the end of the stay in Yucatan. 

With subject III the metabolism was not determined prior to his depar- 

ture; after his return in Boston it was 8.5 per cent lower than it was shortly 

after his arrival in Yucatan. Subject IV, a woman, had an oxygen con- 
sumption of essentially the same order of magnitude at all four periods of 
measurement, and there was no appreciable change in body weight. 

With the exception of subject I, the data indicate that, notwithstanding 
the marked change in climate and food, the sojourn in Yucatan had no 
appreciable effect upon the basal metabolism of these individuals, either 
shortly after their arrival or at the end of their stay. The values for 
subject I suggest that there might be an after-effect, but this is not borne 
out by the measurements on subjects II and IV, with whom no material 
alteration in metabolism was found after the return to Boston. 

In addition to these staff members, a number of other white men and 
women were studied. The men had been in Yucatan less than four and 
one-half months, with the exception of one (subject VIII) who had been 
there for two years. Of the women two (subjects XIV and XV) had been 
in Yucatan for two and one-half months. The others were measured 
within twelve days of their arrival. Since, with one exception, they had 
not lived in Yucatan any great length of time, they probably could not 
have been influenced by the climate or dietetic conditions. Almost 
invariably three well-agreeing periods were obtained with each of these 
subjects, but measurements were not made, as would have been desirable, 
on more than one day. Since the main object of this investigation, 

however, was to study the basal metabolism of the Mayas and since the 
data for the whites do not indicate any pronounced influence of the Yucatan 
climate, it is perhaps just as well that the time was devoted to studying a 
large group of Mayas rather than to securing more observations with the 
whites. But a problem by no means as yet satisfactorily solved is what 
effect a new environment has upon the basal metabolism of white people, 
when there are marked changes in diet and climate (with particular 
reference to temperature, humidity and altitude). 

The data obtained on white men in Yucatan are recorded in table 2. 
To make the picture complete, the observations on subjects I, II and III 
have likewise been included. Subject I did no hard physical labor. 
Subjects II to VIII were engaged in active out-of-door work, in charge 
of the native laborers. Their occupation may be compared roughly to 
that of the active civil engineer. Subjects IX and X were artists. Part 
of the time they spent working at their paintings in the hot sun at the ruins 
and part of the time indoors. It is our opinion that white men in good 
health, who have lived for a month or six weeks in the Yucatan climate, 
appear to be as active as the Mayas themselves, at least so far as archaeo- 
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logical excavations are concerned. When accustomed to the climate, it is 
believed that they could work in the cornfields, if necessary, as long as the 
Mayas. But since most, if not all, white men lose weight during their 
stay in this climate, it is probable that the impression regarding their 
activity is true only for short periods of stay. The effect of maintaining 
the same degree of activity continuously under the prolonged heat would 
perhaps begin to appear only after about 5 or 6 months. 

The data in table 2 are of interest chiefly because they indicate to what 
extent the metabolism of this group of white men varies from the probable 
basal metabolism of normal men in the northern part of the United States, 
as predicted from the Harris-Benedict formula for men (Harris and 


TABLE 2 


Basal metabolism of white men in Chichen Itzé 


WITH- 


DATE OF 
EXPERIMENT 


SUBJECT 
NUMBER 


HARRIS-BENEDICT 


BODY WEIGHT 

ROOM TEMPERATURE 

RESPIRATION RATE 

OXYGEN CONSUMED 
PER MINUTE 

HEAT PRODUCED PER |} 

DEVIATION FROM 
PREDICTION 


| NUMBER OF PERIODS 
PULSE RATE 


| 


cal, per cent 
238 | 1654 +12 
228 1584 +10 
208 1445 —11 
234 | 1626 —6.: 
226 | 1570;-—10.% 
231 1605 - 


March 22 
September 21 
March 19 
March 27 
May 23 
March 20 


21.9 54 5) 219 | 1522 
23.8 54 17 225 1563 
20.2; 72 | 9.6 214 | 1487 
24.9) 62 |18.3) 229 | 1591; + 
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Benedict, 19192; Carpenter, 1924). It is perhaps of significance that all 
the white men, with the exception of subjects I and X, had a metabolism 
somewhat below the predicted value, in two cases clearly 10 per cent or 
more below. The average deviation from prediction for the whole group, 
leaving out subjects I and X, is —6.3 per cent. Most of the measurements 
upon this group of white men were made on or before May 2, i.e., less than 
four and one-half months after they had reached Yucatan, and it is a 
question whether there had been time enough for the change in locality 
to have any effect. If the average deviation for the two experiments with 
subject I (+11.2 per cent) and the deviation of +5.3 per cent with subject 
X are included, the average apparent depression is lowered from —6.3 
to —3.4 per cent. One would not expect to find such a large proportion of 
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minus values with a group of white men selected at random in Boston or 
in the North. The evidence therefore seems positive that these men, 
on the whole, had a metabolism slightly below the predicted metabolism. 
Taking into consideration the shortness of the stay in Yucatan, however, 
we are not justified in interpreting this evidence as indicating that the 
difference in environment had any significant effect upon the basal 
metabolism. 

The data secured with white women who had recently arrived in Chichen 
Itz are given in table 3, including the values for subject IV, which are 
likewise given in table 1. The white women in general were not so active, 
physically, as the white men. Yet they lived an out-of-door life, in so 
far as possible with their clerical and household duties. The laboratory 


TABLE 3 
Basal metabolism of white women in Chichen Itzd 


DEVIATION FROM 


| 
SUBJECT 
NUMBER 
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| DATE OF 
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HARRIS-BENEDICT 


OUT CLOTHES) 
PER MINUTE 
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| HEIGHT 
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records indicate a remarkably uniform agreement in the values from one 
experimental period to the next, which speaks for a good technique and 
for absence of psychic disturbance. The measurements were all made in 
March and April, except for one observation with subject IV on September 
20, which is in fairly close agreement with that for the same subject on 
March 22. The heat production, computed from the oxygen consumption, 
is likewise recorded and compared with that predicted for women from the 
Harris and Benedict formula (Harris and Benedict, 1919a; Carpenter, 
1924). With one subject the heat production is almost exactly the same 
as that predicted, with two it is higher and with five it is lower than the 
prediction. The average deviation for the entire series is —2.4 per cent. 
Experience in the Nutrition Laboratory and elsewhere has shown that in 
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general the metabolism predictions for women are somewhat too high, on 
the average not far from 5 per cent too high (Benedict, 1928c). Hence 
we are inclined to consider this value of —2.4 per cent as an indication 
that this group of women had, on the whole, a distinctly normal metab- 
olism, and that the short stay in Yucatan was without influence. 

These groups of white men and women are too small to justify drawing 
any broad deductions with regard to the effect of a change in environment. 
The data do, however, emphasize the fact that the instrument used in this 
study gave results quite in line with those expected for normal individuals. 
Since this particular apparatus had previously been most drastically tested 
in the Nutrition Laboratory in Boston, by comparing basal measurements 
on the same individual obtained alternately on the field apparatus and then 
on other standard types of respiration apparatus (a comparison which 
showed a most satisfactory agreement in the measurements), this additional 
evidence of the accuracy of the apparatus makes it hardly conceivable 
that any serious error occurred. The values given in the tables, therefore, 
represent true measurements of the metabolism of these individuals at 
the time the observations were made. Consequently we can pass directly, 
without questioning the validity of the results or the accuracy of the 
apparatus itself, to a study of the metabolism of a large group of Mayas. 

THE BASAL METABOLISM OF Mayas. Male Mayas alone were studied, 
workers in connection with the archaeological expedition, who were em- 
ployed for the greater part of the time in excavations at Chichen Itzé. 
The Mayas are broadly built and stocky, although not so stocky as the 
Slavs. They are short in stature, habitually stooped, but with broad 
shoulders and strong muscles in the back and neck, as a result of constant 
carrying of heavy loads. The musculature tends to be stringy, not the 
bulging kind. The calf muscles are small, like those of some negroes, but 
compensating for the small calf is a marked heel projection, which gives 
increased leverage. A load which the man himself can scarcely lift with 
his arms is placed on the head or the back of an individual, who walks or 
runs off with it. In their masonry work they scorn block and tackle to 
raise the large stones, and instead carry them on their heads. On the 
whole they are, for their build, as muscular as white men. Those rep- 
resenting a greater racial mixture, though smaller men, approximate the 
whites in this respect. The purer Mayas tend to have the smooth as 
opposed to the bulging type of muscles, and except in the case of malaria- 
wracked individuals, are about as muscular as white men. There was 
little malaria at Chichen Itzé. Practically every life-long inhabitant of 
Yucatan has malaria at some time in his life, but none of the men studied 
exhibited malaria cachexia. 

In disposition the Mayas are placid and unexcitable. They are slow, 
sure workers, not “‘snappy” except under stress, but capable of sustained 
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effort when necessary. The majority of the men were employed in pick 

and shovel work, lifting and pulling, and the sort of labor to be expected 
in archaeological reconstruction. The work at Chichen Itza, as a rule, 
required sustained effort. When not employed in the excavations, most 
of the men were engaged in farming their cornfields. 

In the metabolism measurements the Mayas were for the most part 
tractable and coéperative, and we have no reason to believe that they did 
not meet the specifications with regard to food. It would have been highly 
desirable to have determined the respiratory quotients in order to control 
this point, and yet in the recent literature a large number of respiratory 
quotients of 0.95 or thereabouts have frequently been recorded under basal 
(?) conditions. To just what extent such respiratory quotients could be 
used to detect a surreptitious taking of food is, of course, always debatable. 
Keeping subjects under lock and key, with constant guard, is out of the 
question in expeditions. The fact that one subject earlier in the series had 
eaten food and escaped detection might easily, with an irresponsible group, 
lead to gross errors in this regard. Due precaution, however, was taken 
to check this point by refusing to make a test on any individual unless he 
had slept the night before the test in the same room with the native 
assistant and had been in the company of this assistant up to the time of 
the test. Two natives, nos. XXXV and XLVIII, were foremen and were 
allowed to sleep in their.quarters. We have every reason to believe, there- 
fore, that the results are not affected by the previous taking of food. This 
belief is, in part, also substantiated by the values for the pulse rate, which 
are usually well within normal limits and rarely are exceptionally high, 
which would be expected had food been taken. 

Since the Mayas, unlike the whites, were living under unchanged con- 
ditions with regard to food and climate, it was less important to obtain 
several days’ observations with each one than it was with the whites, and 
yet we cannot but regret that more information was not secured with more 
of the Mayas as to the basal metabolism on consecutive days or days not 
far from each other. The measurements made on this group of male 
Mayas differ from those made upon the whites in one noticeable particular. 
The whites were, for the most part, studied in the early spring, March 
and April. The majority of the Mayas were studied in July, although 
not an inconsiderable number of experiments were also made in the spring. 
Frequently measurements were made in March or April and again in 
July for comparison. 

The results obtained with the Mayas are recorded in table 4. Some 
of the men were studied only in July, but usually on two consecutive days. 
With subject XLVII, for instance, the oxygen consumption is the same on 
both days, with subject XLIV it is materially lower on the second day, 
with subject XLV considerably higher, and with subjects XXXIX to 
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Basal metabolism of male Mayas in Chichen Itza 
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TABLE 4—Concluded 
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XLIII the values for the two days are in fairly good agreement. In 
general the results for the two consecutive days agree satisfactorily. That 
being the case, a comparison can be made of the metabolism in the spring 
and in July, since it is evident that we are not dealing with an effect of 
nervousness or apprehension in the first experience as compared with the 
later experience, when the novelty had worn off. 

In those instances in which duplicate experiments were made in the 
spring and summer, the metabolism in the second experiment is usually 
somewhat lower than in the first. The average values for the measure- 
ments made on ten individuals in March or April, and again in July are 
217 ec. and 210 ce., respectively, a difference of 7 cc. It hardly seems 
eonceivable that this small difference can be justifiably ascribed to a 
seasonal effect, especially when one considers that the difference in the 
climate in April and July (as judged from the room temperatures at which 
the experiments were made) is on the average not greater than 2° or 3°C. 
Under the circumstances, therefore, the metabolism of the Mayas might be 
considered to be essentially the same in March as in July, and this survey 
covering several months must represent fairly closely the average metab- 
olism of these natives, certainly for the time of year and for the conditions 
under which they were living. 

Of the greatest significance, of course, is the comparison between the 
actually measured metabolism of these Mayas and the metabolism pre- 
dicted for white men by the Harris and Benedict formula (Harris and 
Benedict, 1919a; Carpenter, 1924). The deviation from the Harris- 
Benedict prediction is shown in the last column of table 4. A large 
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proportion of the men had a heat production measurably higher than the 
predicted metabolism. Thus, there are but twelve instances of minus 
values and thirty-eight of plus values. The average deviation of the actual 
from the predicted heat production for the entire group of thirty-two men 
is +5.2 per cent. The metabolism of these natives is therefore distinctly 
higher than that which would be expected for white men in the United 
States. 

Preliminary classification of these natives on certain anthropological 
bases hints that there may be some correlation between the purity of the 
racial mixture and the metabolism. Since this classification more properly 
belongs to an anthropological study and is not yet complete, we do not 
feel free to emphasize the difference in metabolic level with different degrees 
of racial purity or hybridization, and prefer to base this present discussion 
on the results obtained with the group as a whole. It is clear, however, 
that where racial mixture occurs a careful analysis of such mixture is 
important. 

With a number of these Mayas observations were likewise made of the 
blood pressure. Nine of the men, whose systolic blood pressure averaged 
119 mm., had a metabolism on the average 10.7 per cent above the Harris- 
Benedict prediction. With another group of 14 men the average systolic 
blood pressure was 107 mm., and the metabolism on the average was | 
per cent above the prediction. Unfortunately these records were not 
obtained for the entire group of 32 Mayas, but it would appear as if the 
high metabolism were distinctly associated with high blood pressure. 
Although perfect correlation between high blood pressure and relatively 
high metabolism is not established by these figures, we feel sufficiently 
convinced that there is such a correlation to emphasize anew (Benedict, 
Miles, Roth and Smith, 1919) the importance of taking blood pressure into 
consideration in metabolism studies. Such observations have occasionally 
been made in connection with metabolism measurements in the Nutrition 
Laboratory, but have not been a part of the regular procedure. In special 
cases we have frequently noted a low blood pressure with a low metabolism. 
Thus, as a result of underfeeding, a group of 12 men were found to have 
simultaneously a much lower blood pressure and a very low metabolism 
(Benedict, Miles, Roth and Smith, 1919), and the blood pressure curve 
for the man who fasted 31 days nearly paralleled the curve for heat pro- 
duction (Benedict, 1915). The blood pressure of the Chinese in general 
has been recorded as being low, and the Nutrition Laboratory observations 
on Chinese women have shown consistently a low metabolism (MacLeod, 
Crofts and Benedict, 1925a, 1925b). We believe that this factor has been 
too long neglected, and that for further extensive work, particularly in 
racial metabolism, observations on the prevailing blood pressure are 
desirable. 
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In view of the fact that the white men studied at Chichen Itzd4 had a 
metabolism, on the average, somewhat below the prediction standards, the 
definitely high level of heat production with this group of Mayas challenges 
attention. The fact that it cannot be the result of a febrile condition due to 
malaria or some other tropical disease is demonstrated by the records of 
the mouth temperature of these men, taken just prior to the metabolism 
measurements. Thus, the maximum buccal temperature was 98.4°F., 
the minimum 96.4°F., and the average for the entire group 97.2°F., values 
very close to the accepted “normal” of 98.6°F. 

A tropical or a sub-tropical climate has been commonly supposed to 
cause a low rather than a high metabolism. The recent observations on 
browns and blacks in Jamaica, however, suggest that climate probably 

> does not have a marked influence (Steggerda and Benedict, 1928), and one 

of the important features in this study at Yucatan is that a depressing 
effect of the sub-tropical climate is not to be found, either with the whites 
or the natives. This illustrates one advantage in presenting data as they 
are accumulated, for it is possible to make use of such material to clarify 
the racial problem, so far as some of the extraneous factors are concerned, 
factors that might otherwise be considered as playing a large rdle. 

An effect of climate is therefore ruled out. This strengthens the belief 
that the high metabolism of the Mayas may be due to a distinct racial 
factor. Anthropometric measurements, if carefully studied, however, 
might indicate a sufficient difference in the general configuration of body 
of these natives compared with Americans, to furnish some clue as to the 
difference in metabolism. We have computed the ratio between the 
sitting-height (as actually measured) and the body weight, or the so-called 
“‘nelidisi” of Pirquet (1922), which in general indicates the nutritive state. 
It was difficult to determine the sitting height accurately, because of the 
stooping posture of the Mayas, and although the measurements were 
made as carefully as possible, in several instances the results do not compare 
well with the values computed from Pirquet’s formula (based upon Euro- 

peans) that the sitting-height is equal to one-half the total height plus 5 

em. But, on the whole, the agreement between the actually measured 

and the computed sitting height is fairly close, except that the additive 
correction to half of the total height appears to be, on the average, more 
nearly 4 than 5 em. Making due allowance for this additive correction, 

we find that the pelidisi of these Mayas range from 91 with subject XX VII 

to 105 with subjects XIX and XXV._ In general the men whose metab- 

olism is below the prediction standard are not characterized as having a 

particularly abnormal pelidisi. Configuration alone, therefore, as judged 

from the pelidisi, does not explain the high metabolism of these Mayas. 
Another possible explanation is that the high metabolism may be a 
reflection of the type of occupation. These men were all engaged in fairly 
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strenuous muscular work (see p. 641) and might be considered as coming 
under the head of well-trained athletes or severe workers, mor or less 
“hard”? muscularly. Unfortunately basal metabolism measurements on 
hard-working laborers are altogether too few to be of any great service in 
this connection. Studies by Benedict and Smith (191l5a, 1915b) have 
shown that athletes have a somewhat higher metabolism than non-athletie 
individuals, although a biometric analysis of these data by Harris and 
Benedict (1919b) indicates that the difference is only 3 per cent. These 
athletes, however, were highly trained, were performing extremely severe 
muscular work, and undoubtedly were living upon a high protein level. 
Takahira (1924), in contrast to Benedict and Smith, found that the 
metabolism of the Japanese, even of laborers, is low, indeed 7 per cent 
below the Aub and Du Bois (1917) standard. In 1925 Deleourt-Bernard 
and André Mayer made a comparison between the metabolism of young 
men engaged in intellectual professions and athletes. The average heat 
production per square meter of body surface per 24 hours was 871 calories 
in the case of four professional men and 902 calories in the case of seven 
athletes, that is, the athletes had a metabolism 3.5 per cent greater than 
the non-athletes. The heat production of a fifth professional man (49 
years) was but 642 calories per square meter of body surface. The picture 
is also undoubtedly complicated by the fact that the diet of these two 
groups was not controlled. Schneider, Clarke and Ring, in 1927, found 
that the gaseous exchange of a member of the varsity football team was 
unusually high, but that when he was not in training it was distinctly 
higher than during training. Their results with non-athletes, with whom 
they studied the effect of training, show that it is incorrect to assume that 
training augments the basal metabolism. Indeed, the effect may be 
quite the reverse. 

In view of these somewhat contradictory findings with athletes perhaps 
the safest conclusions to draw regarding the Mayas are 1, that their 
metabolism on the average is distinctly above the predicted standard for 
northern white men; 2, that their customary life of hard labor may in 
part (not wholly) account for this elevated metabolism, but 3, that their 
diet is undoubtedly somewhat less stimulating to metabolism, in so far as 
protein is concerned, than is that of the average white man in the north. 
Since season, climate and difference in configuration have been shown to 
have no effect, we may assume that we have to deal here with a true racial 
characteristic. But the possibility of an increase in metabolism due to 
extreme physical exercise obscures the true effect of the racial factor. 

It is particularly significant that this group of Mayas have this high 
metabolism. The present-day knowledge regarding racial metabolism, 
with general reference to the literature on the subject, has been admirably 
summarized by Du Bois (1927). Thus far studies made with Oriental 
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women in America have shown a definitely low metabolism (MacLeod, 
Crofts and Benedict, 1925a, 1925b). The Japanese school teachers 
studied by Takahira (1924) also had a low heat production. Furthermore, 
Prof. A. H. Turner of Mount Holyoke College has informed us in a private 
communication that she has recently measured the basal metabolism of 
four Oriental women and her measurements confirm completely the earlier 
findings by MacLeed, Crofts and Benedict. Various Japanese writers, 
laying emphasis primarily upon male Japanese, claim that there is no 
difference between the metabolism of whites and of Japanese. The studies 
of Almeida (1921, 1924) in Brazil indicate a low metabolism both with the 
Spaniard and with the negro. Those of Knipping (1923a, 1923b) also 
show a low heat production of Malays, Chinese and Europeans who have 
been living a long time in the tropics. Hindmarsh (1927), studying white 
students at the University of Sydney in Australia, reports with both men 
and women a metabolism approximately 10 per cent below the standards 
for northern whites. A recent analysis of observations on browns and 
blacks in Jamaica (Steggerda and Benedict, 1928) demonstrates that the 
metabolism of male browns is about 5 per cent low. Eijkman (1896, 1921) 
alone maintains that the metabolism is uniform both with white men and 
with negroes in the tropics. 4 Hence with these Mayas we have the first 
indication of an increased metabolism. To what extent this is due purely 
to racial characteristics, to habits of diet, and living conditions, at this 
stage no one can tell, but this high level of vital activity with the Mayas 
completely refutes the interpretation, too often assumed, that a low metab- 
olism is a sign of racial inferiority. Thus, these Mayas, except for their 
high civilization in the past, have not evidenced any superior intellectual, 
mechanical or scientific progress, and yet they have a metabolism notice- 
ably higher than that of the Japanese, who have excelled in intellectual, 
engineering and scientific works. Whatever significance basal metabolism 
measurements may have as an index of physical condition and, indeed, 
physical endurance, no one is justified in considering a high metabolism 
as a sign of racial superiority or, on the other hand, a low metabolism as a 
sign of racial inferiority. 


SUMMARY 


In connection with an archaeological expedition to Chichen Itza, 
Yucatan, the basal metabolism of white men and women and of Maya 
Indians was studied. Measurements made on white members of the 
expedition before, during and following a short stay in Yucatan and on 
other white men and women who had been in Yucatan less than four 
months indicated that the change in environment was without influence 
upon the basal metabolism, thus emphasizing the absence of an effect of 
the sub-tropical climate. A group of thirty-two Mayas (male) were 
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found to have a metabolism averaging 5.2 per cent above the standards 
for white men of similar age, weight and height living in the northern part 
of the United States. The mouth temperature on the average was 97.2°F ., 
thus ruling out any possibility of an effect of febrile temperature. Differ- 
ence in configuration does not play a réle, judging from the values for the 
“‘pelidisi’”’ or state of nutrition. The type of occupation (labor of exca- 
vation) can probably account only in part for the high metabolism. Since 
the sub-tropical climate might be expected to lower rather than raise the 
metabolism of these Mayas, it is evident that some other factor, pre- 
sumably racial, has asserted itself. The contrast between the present-day 
civilization of Orientals, whose basal metabolism has been shown to be 
low, and of these Mayas argues against interpreting a low metabolism as 
an index of racial inferiority or a high metabolism as an index of racial 


superiority. 
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From a statistical study of a large number of metabolism measurements, 
Harris and Benedict (1919a) noted both with men and with women that 
throughout the whole range of adult life there is a tendency for the metab- 
olism to decrease. This observation was based upon individual findings 
on over one hundred adults of each sex, but there were no data for the same 
person at different ages. 

Zuntz and Loewy (1916, 1918), in publishing the results of their study 
of the influence of war rations on metabolism, have reported metabolism 
measurements upon themselves covering a period of some twenty years. 
They note a change in their basal metabolism during the time of the war, 
which they ascribe to the undernourishment obtaining in Germany then, 
but they see no influence of age. Thus, they point out that with Loewy 
the metabolism was essentially the same at 26 as at 48 years of age, and 
that with Zuntz there was practically no change between the ages of 41 and 
63 vears. In 1923 Loewy, again discussing these observations on himself 
and Zuntz, comes to the same conclusion that between these ages at least 
there was no appreciable alteration in metabolism other than that produced 
by the war diet. He also gives data for a third subject, W. C., whose 
metabolism likewise did not change between the ages of 31 and 41 years. 
The study with Zuntz and I oewy unfortunately is somewhat complicated 
by the period of depressed metabolism during the war. Du Bois (1927), 
however, interprets their results as showing a gradual decline in metab- 
olism with advancing years, at least until the undernourishment during 
the war caused a marked drop in their caloric requirements. 

Subsequently Lusk and Du Bois (1924) reported metabolism measure- 
ments made upon themselves over a number of years, which showed uni- 
formity in the metabolism of the latter and a great change in the metab- 
olism of the former. The twelve basal metabolism measurements with 
Du Bois extended from 1913 (age 30 years) to 1924 (age 41 years), or over 
a period of 11 years. The body weight varied from 73.6 to 78.0 kgm. 
The total calories per hour ranged from a minimum of 68.6 to a maximum 
of 77.6. The calories per square meter of body surface per hour ranged 
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from 34.8 to 40.6, averaging 37.7. The maximum deviations from this 
average were +7.6 per cent on March 13, 1913, and —7.6 per cent on 
May 10, 1922. In Lusk’s case the three metabolism measurements covered 
a period of 14 years, beginning in 1910 (age 44 years) and ending in 1924 
(age 58 years). The body weight varied only from 76 to 78.4 kgm. The 
total calories per hour ranged from 82.1 to 63.4 and the calories per square 
meter of body surface per hour from 42.8 to 32.7. The variations from the 
average normal or DuBois standard were from +7 to —13 percent. The 
low metabolism noted in the last measurement with Lusk, on April 22, 
1924, is interpreted by him as due to the fact that he had been spending 
much of the winter in reading and writing under approximately the con- 
ditions of “cage life” in the dog. No information is given with regard to 
the activity of Du Bois. 

NUTRITION LABORATORY DATA ON THE EFFECT OF AGE. With the ex- 
ceptions of Zuntz, Loewy, Lusk and Du Bois, few people have had their 
metabolism studied over a long period. The Nutrition Laboratory, since 
its establishment, has had the opportunity to determine the basal metab- 
olism of four adults during periods of from 12 to 19 years, and the records 
have been kept regularly enough to contribute specifically to this question 
as to the effect of age. 

Subjects. Three men (F. G. B., T. M.C., and H. M.8.) and one woman 
(Miss W.) are represented in this study. Of the men two have been and 
are at present on the staff of the Nutrition Laboratory; the third was for- 
merly a staff member and is now a professor of chemistry at the Massa- 
chusetts Institute of Technology. The woman is a professional artist’s 
model with whom the Nutrition Laboratory has carried out a large num- 
ber of researches during the last twelve years. All four became experienced 
in serving as subjects for respiration experiments and understood thor- 
oughly the necessity for being in the post-absorptive condition and in com- 
plete muscular repose (the chief prerequisites for basal measurements), 
and the possibility of any error in the results in this respect is therefore 
ruled out. A number of experimental periods were carried out with each 
subject on practically every date, usually three and frequently as many as 
seven or ten. The accuracy of the determinations is therefore beyond 

doubt, and the data are sufficiently extensive to permit of studying the 
influence of advancing age with each subject as a separate human organism. 

Technique. All the experiments were made with the most approved 
technique which, though varying as years went on, was in all cases con- 
trolled by alcohol check tests. 

EFFECT OF AGE WITH Miss W. The most extensive series of experi- 
ments, although not covering so long a period in actual number of years 
as do the data for the men, is with Miss W. Observations were first made 

on her on May 7 and 8, 1916, at the age of 24 years and 5 months, and last 
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made on April 3, 1928, at the age of 36 years and 4 months (see table 1).! 
Probably no one person has ever been the subject for so many metabolism 
measurements as has Miss W. From the start she proved to be quiet and 
placid in temperament, and codperated in an ideal manner. There was 
therefore at no time during the experiments psychic disturbance or muscu- 
lar activity of any kind. The longest semi-consecutive series of observa- 
tions with this subject continued from September 30, 1920, to March 29, 
1922, during which time there was, aside from the summer vacation, 
rarely an interval of two weeks when she was not studied. 

The values reported in table 1 show a remarkably uniform metabolism. 
The body weight, which was 56.5 kgm. at the beginning of the series, under- 
went a change in the fall of 1920, but from 1920 until 1928 (with the ex- 
ception of four dates in 1925) it has remained singularly uniform between 
59.0 and 60.5 kgm. This was undoubtedly in part by design, since an 
increase in body weight was undesirable because of the subject’s profes- 
sion. The height remained constant at 161 cm., and consequently the 
only changing factor between September 30, 1920, and April 3, 1928, is that 
of age.” 

The oxygen consumption rises to 200 ce. or slightly over on 7 different 
dates, but usually is not far from 190 cc. The minimum values are 170 and 
173 cc., these occurring on June 5 and 6, 1918, and on December 3, 1920, 
or fairly early in the series of observations. Two values near the end of 
the series also closely approximate these minimum values. The pulse 
rate in general varies only within relatively narrow limits, although occa- 
sionally values below 50 (which is extremely low for a woman) are noted, 
such as on November 25, 1921, February 12, 1924, July 16, 1926 and 
March 23, 1928. 

The heat production is of the greatest significance in this study. Singu- 
larly enough, both the highest and the lowest values are noted in the early 
part of the investigation. The highest heat production is 1431 calories per 
24 hours on January 14, 1921. The variability in the heat production is 
more striking in the first dozen observations than in any other part of the 
table. Thereafter the heat production is fairly uniform at not far from 


1In tables 1 to 4 the total heat production has been computed from the oxygen 
consumption, using a calorific value of oxygen based either upon an actually deter- 
mined respiratory quotient or upon an assumed quotient of 0.82. 

* Owing to the distinct tendency with this subject for a lower metabolism to be 
observed on menstrual days, observations on such days have not been included in 
table 1, but the data are reserved for discussion in another paper. At this point, 
however, we wish to emphasize that until further evidence is available, basal metab- 
olism measurements with women should not be made during the period of menstrua- 
tion. Fortunately, thus far practically all the normal data for women have been 
made on inter-menstrual days. 
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TABLE 1—Continued 


HEAT 
COMPUTED) 
PER 24 HOURS 


(810 


TOTAL 
SQUARR 


WEIGHT (WITH- 
PER 


AL.) 
METER 


OUT CLOTHING) 
MINUTE 

PREDICTION 

SQUARE METER FROM 
AVERAGE HEAT 


( 


NUMBER OF PERIODS 
PULSE RATE 

| Per kilogram 
DEVIATION oF 
DEVIATION oF HBAT PER 


BODY 


> | OXYGEN CONSUMED PER 


> 
< 
= 


1922 
January 9 
January 
January 12........:. 
January 18......... 
January 19.........| 
January : 

February 
February 
February 
February 
February 
February 2: 
February 

March 18 

March 21 : 
March 25.......... 
December 6....... 
December 21.... 
December 29....... 

1923 
January 2 
January 10......... 
January 16 
January 30.........| 
February 6 
February 13........ 
February 20........ 
December 7....... 
December 8.... 
December 10....... 
1924 
January 
January 
January 9.........] 3% 
January 16.........| 3: 
January 24......... 
January 

February 8 
February 12........ 
April 16 


“Ib 


on 


1369/22. 
1376 22.8) | 
1258 20. 
1278)21.: 
1237/20. £ 
1403/23. ¢ 
1320)21 . ¢ 
1320/21. 
1390/22. 
1292}21 
1313/21. 
1306)21. 
1341/22. 2! 
1320)21. § 
11397/23.1] 
1376/22. 8) 
1299/21. 
1299/21. 
1320)|22. 


Ss 
on on on on or 


to 
on 


WWA 
S ow 


~ 


> 


to 


bo 


. 
PNR 


2 | 
2 
3 
3 
3 | 
3 | 
4 | 
4 | 
4 


on or or on on on 


1313/21. 
1369/22 
|1355|22. 
1383) 23. 
1334 22. 
1355|22. 
1299/21. 
1397|23.; 
1320 22 
1348|22. 
1376 22. 
1362/22. 
1383/23. 
1376 22. 
1369/22. 
1306 21. 
1306 21 

1348/22. 


wre 
AH 


w 


wo 


w 
or © 


i) 
or 


bh bo 


to 


bo 


RE RO 


w bo 
oe 


654 

i 
8 mos.| Mik. i cal. | cal. | cal. | percent | per cent 
1 
0 1 
0 
0 
0 
60.0 
0 60. 
) 60 
0 60. 
0 60 
60 
) 60 
) 60 | +0.0 
) 60 +5.8 
) 60 | +4.2 
1 | 60.0 —1.6 
1 1 | 60.0 | | —.6 
1 1 | 60.0 +0.0 
1 60.0 189 | 54 ) 806, —5.0 —0.5 
1 840! —0.9 +3.7 
1 —2.0/ 42.6 
848, + +4.7 
818) — | +1.0 
831} — | +2.6 
797; | —1.6 
857, + +5.8 
2 S190 | 810) — +0.0 
2 827) — | +2.1 
2 | 60.0 191 | 62 814. —3 +0 
7 60.0 198 | 67 844 -OM | +4 
) 60.0 196 | 68 836, —1 +3 
2 60.0 | 199 | 65 848, +0 +4 
4 | 60.0 # | 198 | 57 844. —0 +4 
) | 60.0 | 197 | 59 840! —0 +3. 
) 60.0 188 | 60 —1. 
) —1 
4 827; —2 +2 


= 


METER 


METABOLISM OF ADULTS 


AGE AND BASAL 


TABLE 1—Concluded 
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4 60.5 5 | 180 | 55 |1251/20.7; 767; —8.1 —5.3 


1300 calories. The average value for the entire series of observations is 
1316 calories. 

Usually the heat produced per kilogram of body weight simply reflects 
the picture shown by the total heat production. As an average figure, one 
may state that this young woman has a heat production per kilogram of 
body weight of not far from 22 calories per 24 hours, with singular uni- 
formity throughout the entire period of observation. 

It seems hardly necessary to discuss the values for the heat production 
per unit of surface area, when one is dealing with the same individual who 
has practically undergone only a change in age, there being no change in 
height and relatively slight changes in body weight. Nevertheless, as we 
have actually measured the surface area of this young woman on several 
occasions, we have computed the heat production on this basis. The 
values range from a minimum of 742 to a maximum of 888 calories, the 
average being 810 calories. This average is somewhat lower than that 
found for 103 women reported by Harris and Benedict (1919b), which was 
850 calories per square meter of body surface (by the Du Bois height- 
weight chart). 

Comparison of actual with predicted total heat production. According to 
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the Harris-Benedict prediction formula for women the factors affecting 
the total metabolism most are weight and age. During this series of meas- 
urements with Miss W. there are therefore slight changes in the total heat 
production as predicted by the Harris-Benedict formula, due for the most 
part to the fluctuations in body weight, since the age factor plays a smaller 
réle in this short age range. On the average, the predicted value is 1380 
calories. Comparison of the actually determined heat production with the 
predicted heat production indicates that almost invariably her measured 
metabolism was below rather than above the prediction. In the entire 
series of observations there are only nine values higher than the prediction, 
and most of these are only about 1 per cent higher. The greatest plus 
deviation is but +3.4 per cent and it is found on only one day. In seven 
instances the metabolism is 10 per cent or more below the prediction, the 
greatest deviation in this direction being —13.2 per cent on December 3, 
1920, fairly early in the series. Since January 21, 1922, however, the 
deviation from the prediction has been but once as great as —10 per cent. 
The subject was invariably in excellent health and carried out her pro- 
fession as a model throughout all these years. Presumably no factors 
other than age and the slight changes in body weight affected these values. 
We recognize, however, that although Miss W. is singularly placid and 
in no sense temperamental, we had no control over her psychic activity 
and are unable to state definitely that a greater degree of mental repose 
may not actually have existed at the time when some of these low metabo- 
lism figures were found. The average deviation of this subject’s metabo- 
lism from the Harris-Benedict prediction is —4.5 per cent. Prediction 
of the metabolism by the Aub and Du Bois (1917) standard gives a total 
24-hour heat production of 1438 calories for a woman 25 to 35 years of age, 
161 em. in height, and weighing 60 kgm. This is measurably higher than 
the average actually determined heat production of Miss W. of 1316 
calories. The metabolism of this subject is therefore consistently below 
rather than above the metabolism predicted either by the Harris-Benedict 
or the Aub and Du Bois method. The experience in general of the Nutri- 
tion Laboratory has been that the prediction standards for women are high. 
Indeed, this Laboratory has already expressed the conviction (based wholly 
upon data other than with this subject) that the standards for women 
should be lowered by about 5 per cent (MacLeod, Crofts and Benedict, 
1925a, 1925b; Benedict, 1928). The data for Miss W. again confirm this 
belief. 

Day to day variability in basal metabolism. With this subject the me- 
tabolism is extraordinarily regular. Indeed, the variability from day to day 
is astonishingly small, and one could almost argue that a base line deter- 
mined once for all on this subject would serve for an indefinite length of 
time. If one were dealing with the effect of major superimposed factors, 
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doubtless this would be true. On the other hand, there are a sufficient 
number of fluctuations in the regular metabolism of this young woman to 
show that an assumption of a constant base line from day to day would 
not be justifiable in studying many of the subtler problems in physiology. 
Even with a highly trained subject it is illogical to accept a measured basal 
metabolism on one day as prevailing for the next day. Much less should 
the predicted metabolism by any of the standards be considered as a suit- 
able base line for the study of superimposed factors. 

Influence of age. The extraordinary regularity of metabolism noted in 
general in the data in table 1 demonstrates that age (the main factor which 


TABLE 2 
Basal metabolism of H.M.S. from 1911 to 1927 
(Height, 181 cm.) 


| | HEAT 32 
| 1 & 2 | COMPUTED < 
| | $22 fees 
| yrs. mos. | kgm. | ce. | | cal. | cal. at | per cent | per cent 
June 30, 1911........ 10 | 59.0| 3 | 191| 55 |1334'22.6758| 1491 |-10.5 —0.1 
42 10 | 59.0) 4 191) 55 |1317 22.4748 1491 |-11.7, —1.4 
42 10 | 58.0; 2 | 198) 55 |1351)|23. 2'772, 1482 | —8.8 +1.7 
|) | 42 10 | 58.0) 2 | 193) 58 |1338)23.0/765, 1480 | —9.6, +0.8 
| | 42 10 58.5) 2 | 192| 55 |1824)22. 7/757) 1485 |—10.8) —0.3 
December 2, 1916....| 48 3 | 60.5) 4 | 196) 64 1383 22.8/777| 1482 | —6.7| +2.4 
September 11, 1918. 50 1 | 56.5) 5 | 179, 53 |1263/22.3/730| 1414 |—10.7, —3.8 
September 16, 1918..| 50 1 | 56.0) 4 | 185) 55 |1292|23.0)751) 1406 | —8.1) —1.1 
October 23, 1918.....| 50 2 | 57.0) 4 | 58 (1313/23, 1/759) 1416 | —7.3| +0.0 
October 24, 1918..... | 50 2 | 57.0) 4 | 190} 58 |1334 23.4771) 1417 | —5.9) +1.6 
December 24, 1927... 59 4 | 2.5) 3 | 70 /1376/22.0 1433 | —4.0) +0.1 


interests us in this paper) plays an insignificant réle with this subject. 
As will be seen, however, from observations made on three men (see tables 
2 to 4), the particular age range covered by this study (from 24 to 36 years) 
does not include the more pronounced age effect noted in others at a later 
age period. It is our hope to continue observations on Miss W. for 
some time. 

EFFECT OF AGE WITH H. M.S. With this subject (see table 2) the study 
covers a period of 16} years. During this time the average oxygen con- 
sumption of H. M. 8S. on any one day varied in the 11 experimental days 
available from a minimum of 179 cc. to a maximum of 198 ce. At the age 
of 42 years and 10 months (June and July, 1911) his oxygen consumption 
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per minute in experiments on five different days averaged 193 ec. On 
December 2, 1916, when the body weight was slightly higher, the oxygen 
consumption was 196 cc. In the fall of 1918 (September 11 to October 24) 

it was somewhat lower, averaging for four different days 185 cc., and on 

December 24, 1927, it was 198 cc. These oxygen values are all averages 

of at least two periods of measurement and in one case as many as five. 

The stature (181 em.) remained the same during 164 years. The surface 
area, determined by the Du Bois height-weight chart (Du Bois and Du 
Bois, 1916) naturally changed somewhat with the fluctuations in weight. 
The pulse rates, except for the records of December 2, 1916, and December 
24, 1927, were all between 53 and 58 beats per minute. 

The total heat production per 24 hours was essentially constant, aver- 

aging 1330 calories. Per kilogram of body weight the heat production 
ranged from 22.0 to 23.4 calories, this variation being found in the last two 
observations. The heat production per square meter of body surface per 
24 hours averages 759 calories, a low value in view of the general conten- 
tion that the heat production of all warm-blooded animals on this basis is 
1000 calories. H. M.S. has had no serious illness, has been “presumably 
in good health,” and has been engaged in active scientific work during these 
seventeen years, and yet his metabolism has remained at this low level. 
Indeed, this same subject showed the lowest heat production per square 
meter of body surface of any of the series of 136 men listed by Harris and 
Benedict (1919c). In general the metabolism of H. M. S. is essentially 
constant between the ages of 43 and 59 years. On the last date, Decem- 
ber 24, 1927, the body weight, which in 1918 had been around 57 kgm., 
increased to 62.5 kgm., and as a result of this increase the heat production 
per kilogram of body weight was somewhat lower than on previous dates, 
failing to a minimum value of 22.0 calories. 

If there is any tendency for a de¢rease in metabolism with increasing age, 
one can consider that in the case of H. M. 8. this tendency is in part com- 
pensated by an improvement in physical health, as indicated by his increase 
in weight at the end of the series (since he was previously materially under- 
weight). Indeed, the general subjective impressions of this subject on 
December 24, 1927, were that his general health and vitality were better 
at that time than they had been for a number of years. 

EFFECT OF AGE WiTH T. M.C. With this subject the period of measure- 
ments extended over eighteen and one-half years, and the age range was 
from 30 years and 5 months to 49 years (see table 3). The body weight of 
this subject was low, but remained singularly constant throughout the entire 
time. The stature was constant (165 em.), and hence the surface area 
(as computed from the Du Bois height-weight chart) is altered only by the 
body weight factor. 

The oxygen consumption per minute varies from a maximum of 202 ee. 


AGE AND BASAL METABOLISM OF ADULTS 


TABLE 3 
Basal metabolism of T.M.C. from 1909 to 1927 


Height 165 cm. 


HEAT 
COMPUTED 
PER 24 HOURS 


(WITH- 
TOTAL 
FROM 


PER 


WEIGHT 
OUT CLOTHING) 
oF 
MEASURED HEAT FROM 
DICTED HEAT 
METER 


MINUTE 


rere 


OXYGEN CONSI 


PULSE RATE 


DEVIATION 


BODY 
DEVIATION OF HEAT PER 


| NUMBER OF PERIODS 


Per square meter 
Du Bois 


cal. | cal. | cal 
February 4, 1909....| ¢ : : 3 |1397 28.5919 
March 23, 1909..... 136227. 8896 
March 24, 1909...... 1324/27.0 871 
February 7, 1910.... 1355/28. 2'897 
February 23, 1910.. 1271 26. &|842 
March 23, 1910 1296) 26. 5 853 
March 26, 1910 1268/25. 9\834 
May 25, 1910 1242 25.5 817 
June 2, 1090........ 1221/25. 1 803 
dune 1900........ 9 863) 
gune 20, 1990........| 2 3 
June 24, 1910.........| ¢ ¢ ; 1289 26.9 854 
June 29, 1910........| § 9 48.0 7 |1221/25. 4.809 
July 12, 1910 1192)25. 4,800 
November 14, 1910..) 3: 2 | 48. 5 1329/27. 6.880 
November 16, 1910..| 3: 1288 27.0 859 
November 8, 1912...| 1375/27. 8,899 
July 16, 1913......... 1254 26. 6,842 
May 27, 1914 1303 26. 9 863 
July 11, 1918 1282/27. 5,860 
12, 1086... 1258) 26. 8,844 
September 20, 1918. .| 1230/25. 4/815 
September 27, 1918. .| 1277 26. 4,846 
October 8, 1918..... 1280 26. 6|848) 
June 3, 1920.......... 1181/24. 6,782) 
July 3, 1924 1174/22. 8,753 
January 17, 1927.... 1223 24.3794 
April 29, 1927 \1202'24. 4,791 
July 27, 1084 22. 5,718 
July 20, 10277........ 1119 23.2 741 
September 8, 1927. 1077 21.6 699 
September 12, 1927 1070 21.4695 
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TABLE 4 
Basal metabolism of F.G.B. from 1909 to 1928 
(Height, 183 cm.) 


ER 


HEAT 
(COMPUTED) 
PER 24 HOURS | 


| 
| 


WEIGHT (WITH- 
PREDICTED 


OUT CLOTHING) 


NUMBER OF PERIODS 
OXYGEN CONSUMED P 
MINUTE 


Per square meter 


(Du Bois) 


PULSE RATE 
Per kilogram 


| 
| 
| 


BODY 


to 
for) 


| cal. 
| 


3 |1871|22. 61917 
11884 /22. 3 909) 
|1837/22. 1) 
1175221. 1/855 
'1794/21.6) 
11758)21. 
|1855)22 
|1702|20. 6834) 
'1760/20. 7/850) 
1811/21. 1/870 
|1756 20. 8/848) 
1696/21. 1/840) 
1713/21. 3/848| 
'1702|21. 2|843) 
1622/20. 803) 
1675/21. 
'1633|20. 
19. 
(1605/21. 
1654/21. 
1635|20. 
1709/21. 
1848)23. 
1633/20. 
'1758)22. 
\1724/21. 
1730/21 
1684/21. 
1764/22. 
1754/22. 
1765|22. 
/1605)20. 4 
|1540|19.9) 
11554/19. 5) 

54 (1559/19. 5'772| 
56 |1563!20. 4785) 


March 1, 1909 
March 2, 1909 
March 24, 1909 

June 3, 1909 
November 11, 1910.. 
November 15, 1910.. 
January 9, 1911 
May 5, 1911 

June 3, 1914 

April 14, 1915 
November 28, 1916. . | 
October 22, 1917.... 
October 23, 1917 
October 31, 1917 
November 2, 1917... 
June 14, 1918........| 
October 4, 1918...... 
October 7, 1918......| 
May 26, 1920........ 
1, 1920... ....+. 
November 4, 1920...| 
March 24, 1921......| ! 
February 8, 1923... 
January 29, 1924. ...| 5: 
February 2, 1924... 
February 26, 1924. ..| 
February 27, 1924... 
February 28, 1924... 
February 29, 1924... 
March 1, 

March 3, 1924........ 
September 17, 1925. .| 54 
May 25, 1927........ 56 
September 29, 1927..| 56 
October 18, 1927..... 57 
March 9, 1928....... | 57 
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DATE AGE 
| | 
| yrs. mos. | kgm. cu. cal, 
5 m7 1867 | 
5 | | 268 1867 | — 
6 | 1867 | — +6.5 
254 1860 | — +1.7 
| s 253 1856 | — +3.6 
255 1860 | — +1.5 
259 1860 | — +7.1 
| 243 1840 | — —1.3 
| 252 1853 | -+0.6 
262! 1861 | — +3.0 
| 252 1333 | +0.4 
| 247 1770 | — —0.6 
248) 1770 | — +0.4 
: 245 1770 | — —0.2 
| § | 234 1770 | — —5.0 
| 7 | 238) 1709 | +0.1 
232| 1766 | — —4.4 
3 | 224 1766 |—1 
|? | 231| 1690 | — 6 
7 | 238) 1690 | — 16 
8 234) 1750 | — 3 
| § | 246) 1750 | — 1 
| 7 | 266) 1722 | + 8 
7 | 235) 1709 | — 3 
7 253) 1709 | + 0 
| 7 248) 1709 | + 0 
7 | 249 1709 | + 4 
7 242! 1709 | — 4 
7 | 254) 1709 | + 4 
| 7 | 252! 1709 | + 8 
| 7 | 254 1709 | + 5 
i” 7 | 231) 1694 | — 4 
7 | 229) 1662 | — 4 
im 7 | 225 1689 | — 5 
a 224 1695 | —8 6 
225, 1654 | —5 1 
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on November 8, 1912, to a minimum of 154 cc. on September 12, 1927. 
In general it is lower on the last seven or eight dates. The pulse rate 
likewise is inclined to be lower during these last dates. Thus, the initial 
pulse rate was not far from 73 or 74 beats, but in the more recent series 
averaged more nearly 65 beats, with one exceptionally low value of 54 on 
July 3, 1924. The total heat production varies considerably, as would be 
expected with the variation in the oxygen consumption. The maximum is 
1397 calories on the first day, and the minimum 1070 calories on the last 
day. The heat production per kilogram of body weight likewise tends 
to fall off, the maximum values occurring in the early part of the study and 
the minimum values toward the end. The heat production per square 
meter of body surface decreases from 919 calories on the first day of obser- 
vation to the very low value of 695 calories on the last day. 

With the exception of an attack of typhoid fever in the spring of 1918, 
T. M. C. has been in presumably good health during the entire period of 
observation and has been actively engaged in carrying out research in the 
Nutrition Laboratory. Since the body weight did not undergo large 
alterations during this time, the data are uncontaminated by this factor, 
and there is clear evidence that the metabolism of this subject has decreased 
with increasing age. Indeed, the efiect of age becomes distinctly pro- 
nounced at about the age of 40 years and the metabolism steadily decreases 
thereafter. 

EFFECT OF AGE WITH F. G. B. The series of observations with this 
subject (see table 4) extended over a period of 19 years. The age range 
was from 383 to 574 years. The body weight underwent little alteration 
during the first seven years, but thereafter decreased slightly. The lowest 
body weight recorded is 76 kgm. on May 26, 1920, and the highest is 86 
kgm. on April 14, 1915. The stature remained constant at 183 cem., and 
the body surface therefore changed only with the change in body weight. 

The oxygen consumption of this subject unquestionably decreases. 
The maximum value of 268 cc. occurs on the second day of observation, 
although one nearly as high value is found on February 8, 1923. Other 
than that there is at first a rather long period of fairly level metabolism, 
with a distinct drop beginning in September, 1925. The oxygen consump- 
tion in 1927 averages more nearly 220 ec., whereas in 1909 it is 265 or 
268 cc. The trend of the pulse rate is likewise downwards, for at the start 
it is not far from 65 to 68 beats and slows up to 51 or 55 beats. The total 
heat production, computed directly from the oxygen consumption, is high 
at the beginning of the series and falls off in 1927 to a level of about 1550 

calories. The course of the heat production per kilogram of body weight 
likewise is downwards, although, inasmuch as the body weight has de- 
creased, the differences in these heat values are not great. The high heat 
production of 22.6 calories per kilogram of body weight found on the first 
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day of observation is essentially duplicated fifteen years later, on February 
29 and March 3, 1924. The highest value is 23.3 calories on February 8, 
1923. In 1927 the values are not far from 19.5 calories. When referred to 
body surface, the metabolism ranges from a minimum of 772 calories on 
October 18, 1927, to a maximum of 917 and 919 calories on March 1, 1909 
(the first day of observation), and on February 8, 1923, respectively. At 
the age of 57 years the heat production per square meter of body surface of 
772 calories is 16.5 per cent lower than the average value of 925 calories 
recorded by Harris and Benedict (1919b) for 136 men. 

F. G. B. likewise has had no serious illness during the period of obser- 
vation, has carried on active research work, and is presumably in good 
health. Hence the decreases noticeable in the pulse rate, the oxygen 
consumption, and the total heat production, the rather striking decrease 
in the heat production per kilogram of body surface, and the slight decrease 
in the heat production per kilogram of body weight are all definite indi- 
cations of the effect of increasing years. 


CONCLUSIONS 
Differences of opinion (see p. 650) expressed in the discussions of earlier 
observations with regard to the metabolic effect of increasing age indicate 
the importance of continuing the study of the age factor. The Nutrition 
Laboratory data on the effect of age were obtained on three men and one 
woman, with whom the stature remained constant, the body weight 
fluctuated only slightly, and the age was the only variable factor. The 
results are not based, therefore, upon a comparison of individuals of 
slightly different age, sex, weight, and height, but deal only with the 
metabolism of the individual or of the same organism. Although it is 
possible to study the influence of age on a group of people of various ages, 
it is practically impossible to rule out all other factors and have age the 
only variable. We attempted to do this in our work with the Girl Scouts 
(Benedict and Hendry, 1921; Benedict, 1923), but even with the splendid 
codperation of this organization it was difficult to secure groups of 12 girls 
not only of the same age but likewise of the same height and weight. Long- 
continued experiments with the same individual are consequently the best 
in any age study. 

The basal metabolism of a woman (Miss W.), studied between the ages 
of 24 and 36 years, remained remarkably constant, undoubtedly because 
the effect of age is less great at this particular time. Three men (H. M.S., 
T. M. C. and F. G. B.) also served as subjects during the age range from 
30 to 59 years, and with two of them a distinct decrease in metabolism was 
noted as the age increased. With the third the effect of age was probably 
masked by an increase in body weight and a rather pronounced improve- 
ment in physical condition. 
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The variations in the individual values for the heat production per square 
meter of body surface from the average value show in general] the influence 
of age. As a rule the majority of plus deviations occur at the beginning of 
the series and a large number of minus deviations at the end. This of itself 
is an indication of a decrease in metabolism with advancing years. In the 
case of F. G. B. the change in metabolism appears at not far from 47 years. 
With T. M. C., although there are a few minus deviations at about the age 
of 31 years, the change in the general trend of metabolism occurs at the age 
of about 42 years, for from there on no plus deviations are found. 

It is difficult from subjective impressions to assess the physical and 
intellectual vigor of different individuals with increasing age, but it is not 
at all unlikely that basal metabolism measurements may have significance 
in interpreting the true physical vigor of the human organism as age ad- 
vances. Although the mental capacity may remain unaltered (as it does 
in most cases) or, indeed, may become increasingly receptive, the physical 
powers gradually decrease even with individuals in presumably good health. 
This decrease in physical powers may, in all probability, be indicated by a 
decrease in metabolism, or, if there is no decrease in metabolism, improve- 
ment in physical health may accompany a constant level in metabolism. 
This latter case was noticed with H. M. 8., whose increase in body weight 
and subjectively better physical condition at the age of 59 years as com- 
pared with that for a number of years previous have kept up the level of his 
oxygen consumption. With T. M. C., at the age of essentially 50 years 
the metabolism is slowly decreasing, but the rate of fall is not dispro- 
portionate to the decrease in physical powers normally to be expected with 
advancing age. F.G. B. at 57 years of age is aware of decreased physical 
vigor. His activity is still considerable. Probably for a man of 57 years 
it would be considered as somewhat above normal, as indeed it probably 
has been throughout the entire period of observation. But scientific 
candor demands record of the fact that with him there is distinct evidence 
of a decline in physical vigor, which is in proportion, perhaps, to the de- 
crease in his basal metabolism.* 

These observations hint strongly that basal metabolism may have great 
significance in indicating the relative physical fitness, the level of vital 

activity, or the physical powers of the individual. With a low basal me- 
tabolism, there is seemingly a lowered physical fitness or physical vigor, 
compared with the vitality when a higher metabolism is noted with the 


3 For a most striking illustration of the effect of superior physical vigor upon 
metabolism, or the correlation between superior physical vigor and metabolism, one 
has but to refer to the measurements on Dr. W. W. Keenat the age of 89 years, reported 
in a foregoing paper (Benedict, 1928). His tremendous vitality and superb physical 
condition are reflected in the fact that he has a distinctly high metabolism by the 
Harris-Benedict prediction standards. 


| | 


664 FRANCIS G. BENEDICT 


same individual. With Y. M. C. A. students, for example, undergoing a 
voluntary restriction in diet during the war, a distinct falling off in physical 
vigor was observed simultaneously with a decrease in metabolism (Bene- 
dict, Miles, Roth and Smith, 1919). That physical vigor may go hand in 
hand with increase in weight, however, is by no means clear. This re- 
search indicates the importance of basal metabolism measurements as an 
index of the general level of vital activity, an index which we believe has 
heretofore been entirely overlooked by the average physician and, indeed, 
by life insurance examiners. Measurements of the fluctuations in metabo- 
lism which are found in cases of endocrine disturbances are, to be sure, 
of great practical value to the clinician but we believe it is equally impor- 
tant to keep a periodic record of the basal metabolism of the individual and 
thereby see what the course of the metabolism is with time. It is more 
than likely that differences found in its level may be directly interpreted 
in the equivalent of increase or decrease of physical vigor. Hence intel- 
ligent basal metabolism measurements are strongly to be recommended as a 
part of the annual assessment of physical condition. 
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The application of basal metabolism measurements in diagnosing border- 
line cases in endocrine disturbances and in following the progress of the 
patient after operation or medication has already been demonstrated. 
But entirely aside from this use, the impression is gaining ground that 
basal metabolism measurements have a more fundamental significance in 
indicating the general level of vital activity. Of the factors known to affect 
basal metabolism the chief ones are muscular work and the eating of food. 
When physical activity and the ingestion of food are ruled out, when the 
body temperature is normal, and when there is no psychical disturbance, 
the basal metabolism remains remarkably uniform during a series of consec- 
utive 10-minute or half-hour periods on any given day (Benedict and 
Carpenter, 1918). When individuals have been studied over a long period 
of time, it has been found that there is a variation in their basal metabolism 
and that the degree of variability is usually proportional to the length of 
time over which the observations have been made. With a group of 35 
subjects studied over periods of from 5 days to 4 years and 5 months, the 
variability in the oxygen consumption above the minimum observation 
ranged from 3.5 to 31.3 per cent, the average variation being 13.9 per cent. 
The lowest variation did not appear with the shortest and the highest with 
the longest experimental period, but in general the greater variation was 
found with the longer period (Benedict, 1915a). 

On consecutive days or in short periods one would not have to deal with 
any great changes in environmental temperature or humidity. Over a 
period of weeks or months, however, there might easily be a change in 
season, which of itself would imply changes in temperature and probably 
in diet, due to the seasonal variation in food. In a number of instances 
distinct variations in metabolism, depending upon the season, have been 
noted. Thus, Palmer, Means and Gamble (1914) report a series of obser- 
vations made in July, 1914, and again in the winter of 1913-1914, in which 
although the body weight remained essentially the same, the total heat 
production was 2004 calories in the winter, and 1797 calories in the summer 
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(Benedict, 1915b). Our own observations have likewise not infrequently 

suggested such variability with season. Lusk and Du Bois (1924) have 
reported remarkable uniformity in the metabolism of the latter over a 
period of eleven years, and have emphasized the constancy of the basal 
metabolism. In the same paper Lusk’s variability in metabolism of some 
30 per cent is ascribed to the fact that he was occupied in a sedentary 
occupation at one period of measurement and at two other periods had 
just previously had a summer vacation characterized by vigorous exercise. 
Lusk (1915) has also shown with one of his dogs that after a long confine- 
ment in the laboratory the level of metabolism was low and that after an 
active life in the country the metabolism increased 20 per cent, without any 
alteration in body weight. Thus we find continually suggestions that a 
period of recuperation, indeed even a relatively short period of perhaps a 
few weeks, has a marked effect upon the metabolism. 

It seemed to us that an ideal test of the effect of a period of recuperation 
would be to measure the basal metabolism of a number of members of the 
Nutrition Laboratory staff just before their annual summer vacation 
(month of August) and shortly after. Between 1910 and 1927, therefore, 
twenty individuals have been studied. For the most part these subjects 
were well trained in metabolism measurements, many of them operated 
respiration apparatus themselves, and the element of psychic disturbance 
can properly be considered to be ruled out. The metabolism apparatus 
used was, in all cases, the best and most stringently tested apparatus then 
in hand, although it is obvious that a series of observations extending 
from 1910 to 1927 involves the use of different forms of apparatus. The 
number of periods on any one day, the number of days of measurement, and 
the method of establishing the basal metabolism were such that each result 
is always the average of a considerable number of measurements, and at no 
time simply a chance figure. The oxygen consumption, the pulse rate and 
the body weight were recorded. Usually the body weight was determined 
without clothing; in three instances the clothing was included in the weight, 
but there can hardly have been any great differences in the clothing before 
and after the vacation. In one series of measurements the blood pressure, 
both systolic and diastolic, was also recorded. 

Obviously in comparing the metabolism of the same organism before and 
after vacation, if the body weight has remained essentially constant, it is 
unnecessary to compute the metabolism either per kilogram of body weight 
or per square meter of surface area, but a direct comparison may be made of 
the oxygen consumption of the same individual before and after vacation. 
This method of comparison has accordingly been adopted in tabulating the 
data. (See table 1.) 

The first data available for this comparison were derived from a series of 
observations made on T. M. C. in 1910 in connection with other researches, 
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Basal metabolism before and after a summer vacation 


AND 


TABLE 1 


AFTER 


A SUMMER VACATION 


BODY-WEIGHT 
WITHOUT CLOTHES) 


OXYGEN CONSUMED 
PER MINUTE 


PULSE RATE 


Before After Before After Before After 
kgm. kgm cc cc 

1910 48.2 48.0 179 186 69 71 
Miss A. B............ | 1918 | 57.0 | 57.0 185 197 53 53 
Miss I. A. B........./ 1918 54.3 55.9 194 195 69 65 
Miss M. B...........| 1918 45.5 45.6 | 166 159 69 65 
Miss M. F.H........ | 1918 | 51.5 | 50.1 | 170 160 66 65 
Miss W..............| 1918 53.5 57.5 180 189 56 57 
Miss H. W...........| 1918 47.7 | 48.4 171 | 169 66 72 
2 AG 1918 | 76.5 | 80.6 241 235 60 63 
T.M.C 1918 46.9 48.3 183 178 70 66 
Serre 1918 53.7 55.0 202 212 70 74 
Average.........+.| 54.1 | 55.4 188 188 64 64 
Mise C. &..B.......005 | 1920 | 60.5 60.6 190 178 69 69 
Miss M. B...........| 1920 43.7 45.7 184 175 76 68 
Se eee 51.9 53.9 | 185 193 61 68 
Miss M. F. H........| 1920 50.3 51.1 | 181 166 59 57 
See 1920 76.0 80.4 235 234 61 57 
Average...........! 56.5 | 58.3 195 189 65 64 
Miss M. D.F........| 1925 | *45.4 | *46.3 142 172 70 71 
| 1925 57.5 | 57.2 189 180 59 55 
5 ee 1925 | 65.0 | 64.5 218 223 59 62 
eS ; 1925 88.1 87.6 | 254 273 62 62 
Serer | 1925 | *61.9 | *61.5 | 196 259 55 82 
Average........... | 63.6 | 63.4 | 200 221 61 66 
Miss M.D.F........| 1927 | 46.9 | 47.5 | 142 161 77 80 
Miss A. G.H......... 1927 | 47.4 | 48.6 | 153 | 163 | 66 65 

Miss G. McS......... 1927 | 66.3 64.9 | 7200 | 191 | 61 5 
A ae | 1927 | 77.4 | 79.6 | 222 | 224 52 55 
st, re | 1927 | 48.2 | 49.9 | 159 155 67 63 
1927 | 84.5 83.6 245 246 66 63 
ena chien 1927 | 57.8 | 57.8 188 | 194 51 53 
Ss & ere | 1927 | *64.6 | *63.7 | 200 | 204 56 57 
aE 1927 54.0 55.9 173 173 68 64 
Average......... 60.8 61.3 187 190 63 62 


* Weight with clothing. 
+ Menstruating on one of the two days studied before vacation. 
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but which required measurements both before and after vacation. In this 
case the weight remained practically the same and there was hardly an 
appreciable increase in metabolism, the oxygen consumption being 179 cc. 
per minute before the vacation and 186 cc. afterwards, and the pulse rate 
69 before and 71 afterwards. In 1918 a series of experiments including 
nine subjects (three men and six women) was made primarily to study this 
particular point. With these individuals the average oxygen consumption 
was the same after as before the vacation. The maximum difference in the 
oxygen consumption of any one subject is 12 cc., which was found with 
Miss A. B. and which represents an increase in metabolism in the fall. 
The body weight in general is unchanged and the average pulse rate is 
exactly the same at both periods. Before the vacation the average diastolic 
blood pressure of these ten subjects was 72 and the systolic 103; after the 
vacation 70-and 102, respectively. Neither with the group as a whole nor, 
indeed, with any one individual, is a measurable effect of the vacation 
apparent. 

In 1920 further information was obtained on four women and one man. 
With the women there was a slight increase in body weight in all but one 
instance, and with the man there was an appreciable increase. The 
average oxygen consumption is slightly less after vacation than before, but 
the difference is without physiological significance. The average pulse rate 
remains essentially unchanged. With this group of five individuals, there- 
fore, there is again no consistent measurable effect of the summer recupera- 
tion period upon metabolism. 

In 1925 a series of observations was made on five subjects under iden- 
tically the same conditions as previously. In this series there is also 
no appreciable alteration in weight with any of the subjects, but for the 
first time two subjects show a pronounced alteration in metabolism. With 
the woman, Miss M. D. F., the oxygen consumption rises from 142 cc. 
before vacation to 172 cc. afterwards, and with the man, H. 8. P., from 
196 to 259 cc. In the case of the woman the pulse rate is not appreciably 

altered, but in the case of the man there is a pronounced increase in pulse 
rate, from 55 to 82. Since the values for these two subjects both before and 
after vacation are based upon the results of two separate days, and in one 
instance (with H. S. P. before vacation) upon three separate days, we are 
not dealing with any single day’s observation. The mouth temperature 
showed no abnormal temperature conditions. Although the man, H.S. P., 
was not considered an ideal subject for respiration experiments, his oxygen 
consumption before vacation, on July 15, 21 and 29, 1925, was 194, 195 and 
198 cc., respectively, i.e., a uniform metabolism. The woman had been the 
subject in many respiration experiments, is an expert operator, and we have 
no reason to doubt her results. With the type of apparatus used in July 
and September, 1925, the excursions of the spirometer bell were recorded 
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by the graphic method and weights were placed upon the spirometer bell 
during the test to prove the absence of leaks. Consequently we have to 
deal in these experiments with a graphie record of the entire period of 
observation, subject to possible changes in atmospheric pressure or in the 
temperature of the bell. A maximum error in either of these readings could 
not possibly affect the value for the oxygen consumption to such an extent 
as to account for the magnitude of the difference between the values before 
and after the vacation. Hence we have here seemingly the first two 
instances of a definite increase in metabolism following a period of 
recuperation, accompanied in one instance by practically no change and in 
the other instance by a great change in pulse rate. 

The last series of measurements was completed in the summer and fall of 
1927, and includes observations on six men and three women. In all 
instances at least four and usually seven or eight periods were run on each 
day, and the values given in the table are the averages of two days, approxi- 
mately within a week of each other. Graphic records of the excursions of 
the spirometer bell were taken in all cases, and we have every confidence in 
the measurements. The body weights, for the most part, underwent no 
material alteration, although there was perhaps a tendency for a slight gain 
during the summer with four of the subjects. These gains were, however, 
sufficiently offset by losses of the other subjects to make the average body 
weight for the entire group practically the same both in July and in Sep- 
tember. The average oxygen consumption for the entire group changes 
only from 187 ce. before vacation to 190 cc. afterwards. The pulse rate is 
likewise essentially unaltered. It would appear, therefore, as if this series 
as a whole confirms completely the earlier series in indicating that there is 
no appreciable effect of recuperation on metabolism. 

Two highly significant points must be emphasized in connection with this 
series. In the first place, Miss M. D. F., whose oxygen consumption in 
1925 showed a pronounced effect of vacation (increasing from 142 to 172 
ec.), likewise had an increased oxygen consumption in 1927, i.e., from 142 
ee. in July to 161 cc. in September. The increase in 1927 is not so marked 
as in 1925, but is pronounced when compared with the results for the other 
subjects. There was a slight increase in her body weight in 1927. The 
pulse rate increased from 77 to 80 beats, values somewhat higher than 
those in 1925, which were 70 before vacation and 71 afterwards. The 
summer vacation in both years was spent for the greater part in the country. 
This young woman, therefore, in duplicate experiments two years apart, 
has definitely reacted to a sojourn in the country with a pronounced 
increase in metabolism. The second significant point is that the man, 
H. S. P., who in 1925 showed an increase in his oxygen consumption from 
196 to 259 cc. and an increase in pulse rate of from 55 to 82 beats, in 1927 
had an oxygen consumption of 188 cc. before vacation and a small increase 
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to 194 ce. after vacation, with a pulse rate of 51 beats before vacation and 
53 beats afterwards. In other words, the vacation in 1927 had no measur- 
able effect upon his metabolism, contrary to the findings in 1925. 

This increase in the metabolism of H. 8. P. and Miss M. D. F. in 1925 we 
are unable to explain. An explanation for the increase with Miss M. D. F. 
in 1927 may possibly be that she had broken her leg in December, 1926, had 
been inactive at home for several weeks, and was handicapped in walking 
about for some time thereafter. As a result, although her body weight did 
not alter greatly, there was a considerable curtailment of activity preceding 
the July experiments and a somewhat greater physical activity during the 
vacation period. 


CONCLUSIONS 


These observations as a whole can be interpreted only as indicating an 
unmeasurable effect of vacation upon the basal metabolism of a fairly large 
group of individuals. In at least two cases, however, (Miss M. D. F. in 
1925 and 1927) the effect of vacation was pronounced. In another case 
(H. 8. P.) an effect of vacation noted in 1925 seems to have been a true 
observation but not confirmed by a duplicate experiment in 1927. A care- 
ful analysis of the physical, mental and dietetic habits of these subjects 
before and during the vacation gives us no clue as to why in these instances 
the vacation had a pronounced effect upon the metabolism. 

It is highly improbable that with individuals of such diversified interests 
as are represented by this group, which is made up in practically equal 
numbers of men and women, the character of the occupation during the 
vacation could have been entirely uniform. Undoubtedly some were more 
sedentary than others and some engaged in considerable physical activity, 
indeed, in actually severe muscular work. The environment in practically 
all cases was different from that during the pre-vacation period, and prob- 
ably the consumption and the character of the food were somewhat different. 
In a study of the possible effects of vacation all these factors and possibly 
others may play ardle. It is highly probable that all the subjects were in 
the sunlight a great deal more during the vacation than during the period 
prior to vacation and that they were exerting less mental effort and greater 
muscular effort. For the most part they had lived a sedentary life through- 
out the winter and spring, working at the laboratory, many of them at 
desks, but all under cover, and they were more or less fatigued, mentally, 
when their basal metabolism was determined in July. In September they 
had had at least one month of vacation and recuperation, when the habits of 
life changed greatly. It is surprising, therefore, that the metabolism was 
essentially the same before and after the vacation. This finding speaks 
strongly for a fixity of basal metabolism in the individual which heretofore 
has not been sufficiently recognized. 
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It has been deemed unnecessary to print the successive days’ figures for 
each of these individuals. Usually the measurements both before and after 
vacation were made within two or three days of each other, especially in the 
last series, and the agreement between the different days is, for the most 
part, very satisfactory, showing no pronounced alterations in metabolism. 
Occasionally the metabolism on the second day is a little lower than on the 
first, but the time element cannot play a réle here, because we have at the 
most to deal with a week’s time. In the case of the women observations 
were avoided during the menstrual period save in the case of one subject on 
one day. Body temperatures taken in the mouth in all cases ruled out any 
possibility of an abnormal body temperature. 

The subjective impressions of individuals following a recuperation period 
in the summer are so clear and indicate so frequently a pronounced change 
in physical and mental well-being, that it would seem almost as if during the 
summer vacation individuals were undergoing a process of more than mild 
rejuvenation. They come back with a zest for work which, if not wholly 
lacking in July, is at least much reduced. It would appear as if certain 
factors, as yet undetermined, may sometimes play such a réle during the 
vacation that the vacation does have an effect upon the metabolism. On 
the other hand, such is not usually the case, and the basal metabolism of an 
individual is in general sufficiently fixed as to be unaltered by a summer 
vacation, even when pronounced subjective impressions of regeneration are 
experienced. 
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The chemical action of various substances on the gastric mucosa has 
been investigated by many workers. However, many of the results and 
conclusions are erroneous when considered in the light of recent advances 
in gastric physiology. The existence of the continuous secretion of the 
gastric glands, the stimulation of the gastric glands from the intestine, 
stimulation of the stomach by mechanical distention and the condition of 
the animal, have not been generally taken into account in the previous 
experiments. The present experiment is a reinvestigation of the chemical 
action of substances on the gastric mucosa, in which an attempt has been 
made to avoid all the errors of the previous investigators, and to determine 
whether or not the gastric digestion of food produces secretagogues which 
act locally in the stomach. 

The literature is adequately reviewed by Lim, Ivy and McCarthy 
(1925). A summary of this literature reveals that it is claimed that the 
following substances stimulate gastric secretion by local chemical contact 
with the gastric mucosa; water, hydrochloric acid, sodium bicarbonate, 
dog’s gastric juice, alcohol, bitter tonics, lactic acid, coffee, olive oil, 
butyric acid, sucrose, casein and mustard oil. In addition many investi- 
gators have claimed that meat juice, digested meat juice, digested egg 
white and digested casein likewise stimulate gastric secretion by local 
contact with the gastric mucosa. All these claims cannot be considered 
as unequivocal, because of the errors pointed out in the introduction of this 
paper. 

Lim, Ivy and McCarthy (1925), in their experiments on dogs with a 
pouch of the entire stomach and a duodeno-esophageal anastamosis, 
established by adequate methods that meat juice, histamine and beta- 
alanine were excitants of the gastric glands when applied to the gastric 
mucosa. They used methods similar to those employed by me in my 
experiments. 
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Meruops. All experiments have been done on dogs with a pouch of 
the entire stomach and a duodeno-esophageal anastomosis. The vagi 


TABLE 1 


Showing the typical effect of raw and digested egg white on gastric secretion when 
applied to the gastric mucosa 


{E PROCEDURE TIME HCL | omeye 
4 
Distilled water applied.............. | 30 50 0 | 0 | OF 
Distilled water returned after........ | 30 42 | 0 | O | Ot 
Post application secretion...........; 30 | 5 0 | 0.036 | 0.182 
Post application secretion.......... 30 |} 4 | 0 | 0.027 | 0.109 
3 Control secretion...................- | 15 3 0 0.036 | 0.109 
Control secretion. .................+- | 30 | 4 | 0 0.018 | 0.073 
| Distilled water at 52°C...............| 30 | 50. «OO 
Distilled water returned after........| 30 | 52 | O 0.036 | 1.898t 
Post-application secretion........... 30 7 | 0.200; 0.255 | 1.792 
Post-application secretion.......... 30 6 0.091 | 0.182 | 1.094 
Post-application secretion.......... 30 7 | 0.091 | 0.182 | 1.276 


* The total acid in the material before being applied. 
+ The total acid in the material after being applied. 


TABLES 2 AND 3 


Showing the typical effect of tenth-normal hydrochloric acid, when applied to the 
gastric mucosa 


‘OT! ou 
PROCEDURE | TIME | cEnvi- 


minutes 


| 30 | 4 0 | 0.018 | 0.073 
Hydrochloric acid applied for........| * 30 | 50 0 | 0.364 | 1.823* 
Hydrochloric acid plus return........ | 54 | O 0.364 | 1. 968t 
Post application secretion........... 30 6 | 0 0.036 | 0.219 
Post application secretion:.......... 30 | #5§ | O 0.018 | 0.091 
Control 30 | 6 | O 0.136 | 0.820 
Dog’s gastric 50 0.391 | 0.510 |25.525* 
Dog’s gastric juice plus return.......| | 58 0.218 | 0.364 |21.146t 
Post application secretion........... 30 | 6 | 0.0 | 0.054 | 0.328 


* Total acidity of material before being applied. 
+ Total acidity of material after being applied. 


have been cut. In such a preparation, the entire stomach was experi- 
mented upon. Contamination of the stomach contents by regurgitation 
from the intestine or by saliva was impossible. Pyschic secretion was 


= 
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avoided because the vagi were sectioned. Obviously such a preparation 
cannot be influenced by intestinal factors except when fed. The possibil- 
ity of mechanical stimulation by distention has been prevented by the 
use of small quantities of test substances, seven to fifty cubie centi- 
meters being used. The solutions, unless otherwise stated, were at 38°C. 
temperature. 

The following procedure was followed when tests were made: 1, the 
continuous secretion was observed for several half-hour periods; 2, the 


TABLE 4 


Showing the typical effect of sodium bicarbonate on the gastric secretion when applied 
to the gastric mucosa 


CUBIC 


. PROCEDURE | CENTI- | } 
METERS 


TOTAL | OUTPUT 


minutes 
0.036 | 
0 
0 
0 
0 


Control secretion 30 | 3.6 
1 per cent NaHCO applied..........| 30 50.0 
Sodium bicarbonate plus return | | 52.0 
Post application secretion 2.0 
Post application secretion 2.0 


| 
| 
| 
| 
| 
| 
| 


TABLE 5 


Showing the typical effect of lactic acid on gastric secretion when applied to 
the gastric mucosa 


REE TOTAL OUTPUT 
PROCEDURE ici | HCl HCl 


minutes 


Control secretion 30 | 3.0 | 0.273 0.328; 0.984 

Control secretion 30 3.6 | 0.291) 0.346) 1.246 

Lactic acid 1 per cent solution., 30 | 50.0; 0.182) 0.410) 20.510 (HCI equiv.)* 
Lactic acid plus return | 58.0 | 0.182) 0.364) 21.146f 
Post application secretion 30 8.2 | 0.237) 0.328) 2.657 


Post application secretion & | 6.0 0.182] 0.255) 1.534 


* Total acid in the material before being applied. 
¢ Total acid in the material after being applied. 


acidity of the substance prior to its introduction into the stomach was 
determined; 3, the test substance was applied to the gastric mucosa for 
half an hour; 4, the test substance was removed and the quantity and 
acidity determined; 5, the secretion was followed for several half-hour 
periods after the application of the test substances. 

Resutts. Water. Water at room temperature was applied for half an 
hour to the gastric mucosa, and no increase in secretion resulted. If the 


| 0.091 | 0.328 
0 | 0 
0 | 0 
0.018 | 0.036 
| 0.018 | 0.036 
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water was heated to fifty-two degrees centigrade and then applied to the 
stomach, it stimulated the gastric secretion for a period of one and one-half 
hours. (See table 1 for typical results. ) 

Hydrochloric acid and gastric juice. Hydrochloric acid of tenth normal 
strength did not call forth any augmentation in gastric secretion when 


TABLE 6 


Showing the typical effect of alcohol, tincture of gentian and 10 per cent suspension of 
gentian in water, on gastric secretion when applied to the gastric mucosa 


CUBIC 
FREE | TOTAL OUTPUT 
PROCEDURE TIME | CENTI- HCl HCl HCl 
METERS 


minutes 


Control secretion. ............. | 0 0.109 
Alcohol 10 per cent............ 30 | 50.0 | 0 0.018) 0.915 (HCI equiv.)* 
Alcohol plus return............ 60.0 | 0.045) 0.091) 5.472t 
Post application secretion. .... 30 6.0 | 0.091) 0.182 1.094 


Control secretion.............. | 4.0 .073 

Alcohol 49 per cent applied....| 30 7.0 | 0 0.018 0.128 (HCI equiv.)* 
Alcohol plus return............ | 21.0 | 0.045! 0.127) 2.679T 

Post application secretion. .... | 15 | 7.0 | 0.136 0.228; 1.596 


.182) 0.547 


° 
= 


Post application secretion..... 15 3. 


0.018, 0.073 
.0}0 | 0.073) 0.511 (HCI equiv.)* 


Control secretion.............. | 30 | 4 
Tincture of gentian applied....| 30 5 
Tincture of gentian plus re- | 
| 26.0 | 0.118) 0.182) 4.742+ 

| 15 | 4.6 | 0.273) 0.319) 1.467 

.273) 1.915 


Control secretion.............. 30 | 5.0/0 0.018 0.091 
Water solution of gentian | 
30 | 7.0/0 0.091; 0.638 (HCI equiv.)* 
Water solution of gentian plus 
return 30 13.0 | 0 0.027; 0.356t 
Post application secretion.....| 30 | 4.0 0 0.018; 0.073 


* Total acid in the material before being applied. 
t Total acid in the material after being applied. 


applied to the gastric mucosa. Dog’s gastric juice was introduced into 
the dog’s stomach, and on its removal, was found to be of a lesser acidity 
than when it was introduced. At the same time the continuous secretion 
was slightly diminished. (See tables 2 and 3 for typical results. ) 

Sodium bicarbonate. Sodium bicarbonate solution was applied to the 
gastric mucosa and there was a slight inhibition of the continuous secretion. 
The inhibition was most marked when the sodium bicarbonate was in 
(See table 4 for typical results. 


contact with the gastric mucosa. 
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TABLE 7 
Showing the typical effect of raw acid digested meat juices, boiled meat juice, digested 
raw meat, digested cooked meat; on gastric secretion when applied to 
the gastric mucosa 
CUBIC FREE | 


PROCEDURE CENTI- 
METERS| HCI 


| 
jminutes 
| 


Control secretion : 0.146 
50 cc. raw meat juice applied. : ; 12.790 (HCl equiv.)* 
50 cc. raw meat juice plus re- 
12.312 (HCl equiv.)t 
Post application secretion. ... .| ; 1.378 
Post application secretion | 4.8/0. : 0.962 
Post application secretion ' -018} 0. 0.219 


Control secretion | 4. : 0.073 
Meat juice boiled 10 minutes | 
| 5 . 364) 18.230 (HCI equiv.)* 
Meat juice boiled 10 minutes | | 
plus return | 53.0 | .319| 16.907 (HCI equiv.)t 
Post application secretion. ... .| | 5.0] 0. .22 1.140 
Post application secretion. ... .| | 4.0 | 0.063) 0. 0. 692 


Control secretion. ... .182 


Meat juice boiled 30 minutes | 


applied... | 50. | 0.401) 20.050 (HCI equiv.)* 
Meat juice ‘boiled 30 minutes | 
plus return | 54.0 | . 319} .226 (HCl equiv.)t 
Post application secretion | 0.091) 611 
Post application secretion 30 | | | 0.036) .146 


Control secretion.............. 
Acid pepsin medium in which 
the raw meat was digested, | 
applied for 
Raw meat digest plus return... 
Post application secretion 
Post application secretion 
Post application secretion. ... .| 
Post application secretion. ... 


Control secretion. . 
Acid pepsin medium | in which 
the meat juice was digested, 


Meat juice digest plus return. . 56 
Post application secretion ....| 30 0. 155) .096 
Post application secretion....| 30 6. 9 0.082) 0. o— .039 


* Total acid in material before being applied. 
+ Total acid in material after being applied. 


| | | 
30 4.0/0 0.045) 0.182 
30 |50.0/0 | 0.273| 13.680* 
53.0 | 0.273] 14.500t 
30 | 6.8 | 0.127) 0.237) 1.612 
30 | 14.0 | 0.273] 0.364) 5.104 
30 | 8.8 | 0.264) 0.328) 2.887 
30 | 6.8 | 0.228) 0.273) 1.860 
| | 
| | 


sted 
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TABLE 7—Coneluded 


CUBIC 


FREE TOTAL OUTPUT 
PROCEDURE TIME HCl HC HCl 
minutes 

Control secretion.............. 30 4.0 | 0.127, 0.264) 1.057 
Control secretion..... 30 4.2 | 0.127) 0.173; 0.727 
Acid pepsin medium in which 

cooked meat was digested 

Cooked meat digested plus 

53.0 | 0.018) 0.073 3.S869t 
Post application secretion.....| 30 3.5 | 0.200 0.273) 0.957 
Post application secretion.....| 30 4.0 | 0.073! 0.145, 0.583 


TABLE 8 


Showing the typical effect of raw and digested egg white on gastric secretion when 
applied to the gastric mucosa 


FREE TOTAL OUTPUT 
PROCEDURE TIME oie HCl HCl HCl 
minutes 
Control | 30 | 4.0 0 0.0365 | 0.1460 
Raw egg white applied...............| 30 | 50.0 Alkaline 
Post application secretion........... | 30 | 52.0 Alkaline 
Post application secretion...........| 30 |} 2.0 | 0 | 0.0548 | 0.1096 
Post application secretion.......... 30 | 2.0 0 | 0.0548 | 0.1096 
| | 
Control secretion............ beldtaed 30 | 5.0 | 0.273 | 0.364 1.823 
Digested egg white applied.......... 30 | 50.0 | 0.127 | 0.246 | 12.31* 
Digested egg white plus return...... | 58.0 | 0.182 | 0.282 | 11.396 
Post application secretion........... | 30 | 52 | 0.200 | 0.282 | 0.970 
Post application secretion........... 30 10.8 | 0.364/ 0.410 | 4.430 
Post application secretion.......... 30 18.0 | 0.428 0.464 8.368 
Post application secretion.......... | 30 | 15.0 | 0.437/ 0.501 | 7.521 
Post application secretion...........| 30 | 11.0 0.419 | 0.455 5.013 
Post application secretion.......... 30 8.0 0.273 | 0.364 2.916 
Post application secretion........... 30 5.0 | 0.218 | 0.273 | 1.368 


* Total acid in material before being applied. 
t Total acid in material after being applied. 


Lactic acid. A 1 per cent solution of lactic acid increased the gastric 
secretion after its application for a period of half an hour. (See table 5 for 
typical results. ) 

Alcohol. The application of a ten per cent solution of alcohol stimulated 
the flow of gastric juice. Seven cubic centimeters of a forty-nine per cent 
solution of alcohol likewise provoked a flow of gastric juice. (See table 
6 for typical results.) 
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Bitter tonics. Seven cubic centimeters of tincture of gentian applied for 


half an hour to the gastric mucosa called forth a copious secretion of 
gastric juice. This juice contained a large amount of both free and com- 
bined acid. (See table 7 for typical results.) If, however, a 10 per cent 
suspension of gentian in water was applied to the gastric mucosa, no 
increase in secretion occurred. (See table 6 for typical results.) 

Meat and meat products. Raw meat juice applied to the gastric mucosa 
called forth an increase in gastric secretion. If, however, the meat juice 
was boiled for half an hour, it did not stimulate the flow of gastric juice. 
Raw meat juice was digested with commercial pepsin in a hydrochloric acid 
medium, according to the method given in the United States Pharma- 
copoeia. When this digested raw meat juice was applied to the gastric 
mucosa, it caused a secretion of gastric juice which was larger and of a 
better quality than the response caused by raw meat juice. When raw 
meat was digested and then applied to the gastric mucosa, an augmenta- 
tion of gastric secretion occurred. This augmentation was greater than 
the augmentation which occurred on the application of digested cooked 
meat. This was confirmed five times. (See table 7 for typical results. ) 
Egg white. The application of raw egg white to the gastric mucosa 
called forth no increase in gastric secretion. When raw egg white was 
coagulated and digested in a commercial pepsin and hydrochloric acid 
medium, and then applied to the gastric mucosa, a marked increase in 
gastric secretion resulted. (See table 8 for typical results.) 
eight tests was done. 

Milk and milk products. Both whole milk and digested whole milk 
failed to cause any significant augmentation of gastric secretion. When 
skimmed milk was applied to the gastric mucosa, a slight and variable 
increase in gastric secretion was observed. When digested, skimmed milk 
was applied to the gastric mucosa, a noticeable increase in the quantity and 
quality of gastric secretion occurred. (See table 9 for typical results.) 

A 10 per cent solution of casein called forth no augmentation in gastric 
secretion. If such a solution of casein was digested and then applied to 


the gastric mucosa, an augmentation in gastric secretion occurred. 
table 9 for typical results.) 


A series of 


(See 


Sucrose. A 10 per cent solution of sucrose failed to cause any rise in 
gastric secretion when applied locally. 

Fat and fatty acids. Olive oil applied to the stomach for a period of half 
an hour caused an inhibition of gastric secretion for one hour. A two per 
cent solution of butyric acid applied to the gastric mucosa, likewise in- 
hibited gastric secretion for a period of one and one-half hour. 

Coffee. Coffee was applied for one-half hour and a slight but definite 


augmentation of gastric secretion occurred. (See table 10 for typical 
results. ) 
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TABLE 9 
Showing the typical effect of milk, digested milk, skimmed milk, digested skimmed 
milk, casein, acid digested casein, on gastric secretion when applied to 
the gastric mucosa 


cUBL 


PROCEDURE TIME CENTI- 
Cl ( ( 
H HCi HCi 


Control secretion.............. ee 30 4.0 0 0.009 0.036 


Control secretion................... 30 3.0 0 0.073 0.219 

30 50.0 0 0.073 3.650* 

46.0 0 0.073 3.358t 

Post application secretion........... 30 4.6 0 0.036 0.167 

Post application secretion.......... 30 4.2 0 0.036 0.153 
4 


Post application secretion........... 


Control 0 

Digested milk applied............... 30 50.0 0 0.364 1.823* 
Digested milk plus return........... 56.0 0 0.273 | 1.532t 
Post application secretion........... 30 3.0 0 0.145 | 0.437 


Post application secretion......... 


Control secretion................... : 0365 


Skimmed milk applied.............. 30 50.0 0 0.145 | 0.729* 
Skimmed milk plus return.......... 46.0 0 0.063 | 0.293t 
Post application secretion.......... 30 8:2 0 0.054 0 449 
Post application secretion......... 30 4.0 0.1103 0.200 0.802 


Control secretion................... 0.036 


Digested skimmed milk applied...... 30 50.0 0 0.319  15.95* 

Digested skimmed plus return...... 56.0 0 0.319 | 17.8607 

Post application secretion........... 30 5.0 0.228 | 0.328; 1.640 j 
Post application secretion........... 15 | 10.0 0.364 | 0.4387 | 4.375 

Post application secretion........... 15 7.4 0.364 | 0.410 | 3.035 

Post application response........... 15 10.2 0.364 | 0.410 | 4.184 

Post application response............ 15 8.2 0.319 | 0.364 2.989 


secretion... .... 30 4.0 0 0.009 0.036 


Casein solution 10 per cent applied... 30 50.0 0 0.018 | 0.915* 
Casein solution plus return......... 56.0 0 0.018 | 1.024t 
Post application secretion.......... 30 4.0 0 0 0 


Post application secretion........... 


Comtrol 30 4.0 0 0.009 0.036 
Digested casein 10 per cent solution 
30 50.0 0 0.209 | 10.48* 


Digested casein plus return.......... 56.0 0 0.209 | 11.743 
8 


Post application secretion.......... 30 8.0 0.063 | 0.173 | 1.385 
Post application secretion.......... 30 6.0 0.110 | 0.182 | 1.094 
Post application secretion......... 30 4.0 0.036 0.091 0.364 
Post application secretion........ 30 4.0 0 0.036 0.146 


* Total acid in the material before being applied. 
+ Total acid in the material after being applied. 


for 

of 

m- 

e. 

id 

i- 

| 
3030 00110 | 0.330 
136 060615 
0.110 0 441 
eel 30 40 | 0 0 0 
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Mustard oil. A one-tenth per cent solution of mustard oil was placed in 
the stomach and a marked response occurred in five minutes. The juice 
obtained was watery and contained much mucus. It was also tinged with 
blood. This juice had little or no acid present in it. The secretion seemed 
to be caused by the irritation of the mucous cells. (See table 11 for typi- 
cal results.) 

TABLE 10 


Showing the typical effect of coffee on gastric secretion when applied to 
the gastric mucosa 


PROCEDURE 


minutes 


Control secretion 30 
Coffee applied 30 
Coffee applied plus return 
Post application secretion 30 
Post application secretion 30 


* Total acid in the material before being applied. 
+ Total acid in the material after being applied. 


TABLE 11 


Showing typical effect of one-tenth per cent solution of mustard oil on gastric secretion 
when applied to the gastric mucosa 


| | 

| CUBIC 
PROCEDURE CENTI- 


| METERS | 


FREE TOTAL | OUTPUT 
HCl | HCl | HCl 


o 


Control secretion 

Mustard oil 0.1 per cent solution 
applied 

Contains much mucus and blood 


| | | 0.091 


0 0* 


_ 


0.009 | 0.895t 
0.036 | 0.329 
0.036 | 0.365 
0.036 | 0.365 
0.036 | 0.292 


Post application secretion 
Post application secretion 
Post application secretion 
Post application secretion 


or or 


* Total acid in the material before being applied. 
+ Total acid in the material after being applied. 


Discussion. Heidenhain (1910) long ago showed that water intro- 
duced into the stomach through a fistula, stimulated a pouch of the 
stomach isolated by his method. Pavlov (1910) also observed that the 
introduction of water into the stomach of gastric pouch dogs caused 
stimulation. Lonnquist (1906), Foster and Lambert (1909), Bergeim, 


TIME | cont. CL | war 
| | 
| 3 10 | 0.036 | 0.109 
| 50 |0 | 0.045 | 2.280* 
| 48 | 0.063 | 3.067t 
| 5 | 0.145 | 0.182 | 0.912 
| 4 | 0.018 | 0.091 | 0.364 
minutes 
= 0 
| 10 0 
| 10 0 
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Rehfuss and Hawk (1914) and Sutherland (1922) observed that water 
introduced into the stomach excited the gastric glands. Sutherland found 
(confirmed by Ivy, Lim and McCarthy, 1925) that the presence of food in 
the intestine enhanced the gastric secretory reponse to water. Ivy 
(1918) found that all stomachs are not stimulated by water and that the 
longer the water is retained in the stomach the greater the stimulation. 
Lim, Ivy and McCarthy (1925) have recently shown that mechanical 
distention of the stomach with water stimulates the gastric glands. Brun- 
nemeier and Carlson (1916) have shown that the “sham-feeding”’ of water 
excites the gastric glands. 

The results of my experiments show that water does not excite by local 
contact with the gastric mucosa when it is at room temperature, and can do 
so only when it is warmed above body temperature. This stimulation of 
gastric secretion by the warm water, I believe, is best explained as being 
due to an increase in blood flow. A critical review of the literature with a 
consideration of my results shows that water stimulates gastric secretion 
1, by psychic stimulation; 2, by mechanically distending the stomach; 3, 
by facilitating absorption and digestion in the intestine; 4, by causing a 
hydremia, and 5, by a hyperemia of the gastric mucosa, if introduced at a 
temperature above the body temperature. 

Pavlov (1910) reported that the application of hydrochloric acid pre- 
vents the further formation of gastric juice. He spoke of this as being an 
auto-regulatory mechanism in gastric secretion, which prevented the 
accumulation of large amounts of gastric juice in the stomach. The 
inhibition of gastric secretion by dog’s gastric juice is difficult to explain. 
It may be due to the secretion of mucus. The experiment, however, may 
not be entirely analogous to the actual formation of gastric juice by the 
gastric glands. 

Pavlov (1910) ascribed an inhibitory effect to sodium bicarbonate. 
Boyd (1925), working on Pavlov pouch animals, found that calcium carbon- 
ate and sodium bicarbonate by mouth usually stimulated gastric secretion, 
unless a sufficient excess was given to cause general depression. He 
(Boyd, 1927) also found that the washing of a Pavlov pouch with 1 per cent 
sodium bicarbonate did not change its response to histamine. From the 
results obtained by Boyd, it is obvious that the sodium bicarbonate was not 
effective in inhibiting gastric secretion under maximal stimulation unless 
the blood became very alkaline. My results, however, show that a 1 per 
cent solution (50 cc.) applied to the gastric mucosa and held there for thirty 
minutes will inhibit the continuous secretion. 

Zeliony (1912) introduced 200 cc. of lactic acid equivalent to one-half 
per cent hydrochloric acid in strength, and noted that lactic acid in this 
strength never gave rise to gastric secretion. Sokolov (1904) found that 
lactic acid excited gastric secretion. We observed a slight stimulation. 
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Alcohol in moderate quantities when applied to the gastric mucosa 
called forth a secretion. Gross (1906), Pavlov (1910) and many other 
investigators report similar conclusions. Orbeli (1907) stated that atro- 
pine inhibited the gastric response to alcohol, but did not abolish it com- 
pletely. These investigations did not rule out the possibility that the 
alcohol might stimulate from the intestine, which is the case as has been 
shown by Ivy and Mellvain (1923). 

Bitter tonics have been used for many years in medicine to improve the 
appetite and aid digestion. Carlson (1916) has stated that the bitters 
have no consequential effect on the appetite secretion, acting either in the 
mouth or in the stomach in therapeutic quantities. Moorhead (1915) drew 
a similar conclusion, after a series of experiments in which he used Pavlov 
pouch dogs, and recorded the response of the gastric glands to a meal with 
and withouf the additional administration of tincture of gentian. A 10 
per cent suspension of gentian in water did not stimulate secretion of 
gastric juice. Since tincture of gentian contains approximately 49 per 
cent alcohol, our results show that the active ingredient in tincture of 
gentian is the alcohol and that there is enough alcohol in one therapeutic 
dose to stimulate gastric secretion in the dog’s empty stomach. 

The relation of meat and meat products to gastric secretion has been 
the subject of much investigation. In the main, most investigators have 
found that meat juice, raw meat and Leibig’s meat extract all call forth 
an increase in gastric secretion. Many of these investigators have not 
ruled out the psychic, mechanical and intestinal factors. By virtue of its 
flavor, meat is a powerful psychic excitant of gastric secretion. Acting in 
the intestine, the meat juice stimulated gastric secretion, according to 
Ivy, Lim and McCarthy (1925). Pavlov (1910) found that meat ash was 
ineffectual in stimulating gastric secretion. What the active ingredient or 
ingredients are in meat which stimulate gastric secretion by local action, is 

unknown. It is probably not histamine, since large amounts of histamine 
(one hundred grams) are necessary by mouth to evoke a response of gastric 
secretion. My results show that the stimulating agent is destroyed by 
boiling for half an hour. 

Raw egg white when undigested did not evoke a secretion. This result 
is in accord with that obtained by Pavlov (1910). It appeared that the 
digestion of the egg white liberated substances which have a marked 
effect in stimulating the gastric glands to secrete. This latter finding, 
with the results on digested meat juice and casein, proves the hypothesis 
that the gastric digestion of certain foods yields secretagogues which 

excite the gastric glands. 

The probable reason for the failure of the milk and the digested milk to 
stimulate gastric secretion was that the fat content of the milk caused an 
inhibition. Orbeli (1907) found that 600 cc. of milk stimulated the 
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stomach to secrete when applied locally. It is obvious that such a stomach 
was being stimulated by mechanical distention. That the fat in the whole 
milk caused inhibition is supported by the fact that skimmed milk when 
applied to the gastric mucosa stimulated the secretion of gastric juice 
slightly. The fact that undigested casein does not stimulate and that 
digested casein does stimulate, again proves that gastric digestion pro- 
duces secretagogues which excite the gastric glands. 

Olive oil inhibited the secretion for two hours after its local application 
This confirms the observations of Lim, Ivy and 


to the gastric mucosa. 
McCarthy (1925). 

A 2 per cent solution of butyric acid inhibited the continuous secretion 
Pavlov (1910) reported that butyric acid calls for 
He ascribed this response of the gastric 


when applied locally. 
a marked increase in gastric juice. 
mucosa as a protective mechanism attempting to inhibit butyrie acid 
However, Pavlov’s observations were due to the action of 
This is shown by the observations of 


fermentation. 
this substance in the intestine. 
Ivy and Mellvain (1923). 

The 0.1 per cent solution of mustard oil appeared to act as an irritant 
The type of secretion obtained seems 


rather than as a stimulant. 
to indicate an attempt of the stomach glands to dilute the irritant. In 
addition much mucus was secreted, which may protect the glands from 


the irritating mustard oil. 
CONCLUSIONS 


The gastric mucosa can be stimulated to form gastric juice by the local 
chemical action of various food substances. 
The gastric digestion of foods, such as meat, casein, and egg white 
liberates secretagogues which excite gastric secretion by local contact with 
the gastric mucosa. This finding, I believe, unequivocally proves Pavlov’s 
contention that gastric digestion produces secretagogues. 
Aleohol in moderate quantities stimulates gastric secretion by local 
contact with the gastric mucosa. 
Tincture of gentian stimulates gastric secretion, while a water suspen- 
The active principle in the tincture of gentian is the 


sion fails to do so. 
alcohol. 

Water does not stimulate the secretion of gastric juice by local action. 
If water is warmed above body temperature, but not above 52°C., and 
applied in 50 ce. quantities, it stimulates. This stimulation is most prob- 
ably due to a hyperemia of the gastric mucosa. 

Strong irritants call forth the production of a large quantity of a ‘mucoid 
fluid,” containing no acid. 


I am indebted to Dr. A. C. Ivy for the invaluable suggestions and 
criticisms, which he made during the progress of these experiments. 


J. I. FARRELL 
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Three main types of experiments have been performed in order to de- 
termine the réle of the vagi in the cephalic phase of gastric secretion. The 
first method employed was the direct stimulation of the peripheral end 
of the vagus. The results from experimentation by this method were 
negative. A second method employed was to cut the vagi in gastros- 
tomitized dogs and study the change in the secretion of the stomach. 
The method gave variable results, since little was known of what con- 
stituted an adequate stimulus for gastric secretion. The third and best 
method has been the preparation of Pavlov (1910), a dog with an esoph- 
agotomy and a gastric fistula. In such a dog the response to seeing, 
smelling and chewing food is observed. The vagi are then cut and the 
response to seeing, smelling and chewing food does not occur. 

Schiff (1867) succeeded in sectioning the vagi below the diaphragm, 
and in keeping his animals in good health. However, Schiff had no 
control records of gastric secretion before and after vagotomy. It would 
be erroneous to conclude that because the dogs lived in a good state of 
health, there was no deviation from the normal activity of the gastric 
glands. Pavlow (1910) prepared a dog with an ordinary gastric fistula 
and an esophagotomy. When such an animal took food and chewed it, 
the food did not reach the stomach, but dropped back into the foodpan 
from the esophagotomy. If such a dog was allowed to see, smell and eat 
food, the gastric glands responded with a copious flow of gastric juice. 
The juice could be collected and measured quantitatively. If the vagi 
were sectioned in such a dog, no response of the gastric glands occurred 
when the dog saw, smelled or chewed food. Pavlov sectioned the vagi 
in the neck of his dogs, a method that may be criticised because any 
observed effect might be due to secondary effects from disturbances of the 
Jungs and heart which these nerves innervate. 

Recently Volborth and Kudryavzeff (1927) have arrived at the conclu- 
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sion that the splanchnic nerves contain secretory fibers for the gastric 
glands. Their experiments are unconvincing and open to a number of 
criticisms, e.g., post-anesthetic stimulation, the changes in the secretion 
are not significant, the secretion was not titrated, and only in one experi- 
ment was the reaction of the secretion determined. The crucial test, we 
believe, for the presence of secretory fibers in the splanchnics is a sham 
feeding experiment. 

During various experiments on gastrie secretion, Dr. A. C. Ivy has 
occasionally observed changes in the rate of gastric secretion while working 
with vagotomized dogs and Heidenhain pouch dogs. These dogs were in 
surroundings that might call forth the cephalic phase of gastric secretion 
in normal dogs. Although the changes were not marked, Doctor Ivy 


TABLE 1 


Showing the typical effect of sham feeding on gastric secretion in dog with an 
esophagotomy and gastric fistula; before and after section of the vagi 


| 
PROCEDURE | TIME MCL 
min. ce. nme 

| 15 | 1 | 0.036 | 0.182] 0.182 
Sham feeding for 15 minutes only........... 15 | 7 | 0.437 | 0.528 | 3.700 
1s | 9 | 0.601 | 0.656 | 5.906 

After section of the vagi: 
| 30 | 38 | 0.110 0.410 | 1.230 
Sham feeding for 30 minutes only.........| 30 | 3 | 0.110 | 0.410 | 1.230 
30 2 | 0.091 | 0.273 | 0.547 
Bectetory 30 | 2 | 0.091 | 0.364 | 0.729 
A re 30 2 | 0.691 | 0.401 | 0.802 


suggested that the rédle of the vagi as the sole efferent pathway of the 
impulses for the cephalic phase of gastric secretion be reinvestigated. 

Metuops. Three dogs were prepared with a gastric fistula and an 
esophagotomy. A few weeks after the operation the animals were ‘‘sham- 
fed” for a period of time ranging from five minutes to an hour. In every 
case there was a marked increase in gastric secretion, which occurred in 
about five minutes, and lasted a variable length of time depending on the 
length of the “sham feeding.” 

In these three dogs the vagi were sectioned just above the diaphragm. 
Care was taken not to miss any of the fibers of the vagi. The dogs made 
an uneventful recovery. 

Resutts. The three dogs with a gastric fistula and an esophagotomy 
responded to sham feeding by a copious flow of gastric secretion. 
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After the vagus nerves were sectioned just above the diaphragm in 
these animals, they no longer responded to ‘‘psychic”’ stimulation by a 
flow of gastric juice (see table 1). Numerous tests were made. The 
dogs were in excellent health. 

Since our animals were in excellent health and have been 
ner 


DISCUSSION. 
subjected to no possible interference with the blood supply, nor any 
disturbing procedure, it is believed the results are unequivocal. Certainly, 
if under normal conditions the splanchnic nerves exert a positive secretory 
influence on the cephalic phase of gastric secretion, it should have been 
evident in the “sham feeding’ experiments under our experimental 
conditions. 

We believe that the occasional increase seen in Heidenhain pouch dogs 
and in other preparations with the vagi cut, on exposure to food, is best 
explained on the basis of spontaneous changes that normally occur in the 


continuous secretion. 
One might speculate that on the entrance of food into the mouth, stomach 


or intestine, the vaso-constrictor tone of the splanchnics is decreased 
favoring vaso-dilatation which would facilitate or augment the secretion 
This hypothesis, in view of our results on 


initiated by adequate stimuli. 
section of the vagi might explain an observation made by Doctor Ivy. 
When a dog with an esophagotomy, a gastric and duodenal fistula, and the 
vagi cut was being used, it was observed that if the dog was permitted to 
drink or eat while food or water was introduced into the intestine, a 
greater secretion of gastric juice resulted, than when the dog was not 


permitted to drink or eat. 


CONCLUSIONS 


It is concluded from these experiments that the vagi are the sole efferent 
pathways for the psychic phase of gastric secretion, which entirely con- 
firms the observations of Pavlov and his students. 


I wish to express my appreciation for the criticisms and suggestions 
given by Dr. A. C. Ivy in the preceding experiments and in the revision 


of the manuscript. 
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The distressing symptoms that so often accompany the climacteric, but more i 
symptoms of the artificial menopause, are frequently controlled by the administration o 
LUTEIN TABLETS, H. W. & D. 
LUTEIN SOLUTION AMPULES, H. W. & D. 


The choice of the medication depends, of course, on the judgment of the physician as to whether oral or 
hypodermatic administration is indicated. Both products represent the 


CORPUS LUTEUM OF THE SOW 


Lutein Tablets, H. W. & D., are unmodified by treatment with solvents or by exposure to temperatures 
All tion of extraneous matter is made by mechan- 
ical means and ing isin vacuo. The unaltered corpus lutewm should, therefore, be presented in 
our products and clinical experience with them should demonstrate their therapeutic activity. 


the aggravated 


— —— as evidenced in dysmenorrhea and amenorrhea is also an indication for Lutein medi- : 
cal ere 


d 

> the diagnosis of such dysfunction was well established, definite therapeutic results have 

been reported. 
WHOLE OVARY TABLETS, H. W. & D. 
OVARIAN RESIDUE TABLETS, H. W. & D. 
are also offered for those who prefer, for certain indications, the use of the whole gland or of the residue 
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Literature furnished on request 
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